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Chapter 1 
General introduction 
1 Trace gases 
Due to human activities concentrations of trace gases in the atmosphere can change greatly, 
especially in urban areas. The influence of human activities is exemplified in fig. 1.1 where the 
concentration of the trace gas methane is displayed. Especially during the last century' it has 
increased. Ambient air, before breathing, consists of 5 major components; nitrogen (N2, 78 
70), oxygen (02, 21 70), argon (Ar, 1 70), carbondioxide (C02, 0.350 7,») and water vapour 
(H20). The latter is found to vary up to 4 70. Trace gases are observed at significantly lower 
concentrations,2 typically at the ppb level (parts per billion, 1 : 109); e.g. ammonia (NH3, 
1 ppb in Switzerland and 20 ppb in The Netherlands), methane (CH4, 1700 ppb), ozone (O3, 
"NOW" 
Fig. 1.1: Methane 
concentration in the 
atmosphere. Data were 
obtained from gas bubbles in 
polar ice. Methane was 
almost constant over some 
10.000 years at 700 ppb and 
rose exponentially during the 
past 100 years. Only recently 
a decrease in the rise of this 
curve was observed. 
1750 τ - CH4 Cone, [ppb] 
1500 -
1250 
1000 i CHRIST 
750 
500 
I · · . 
. :*:* -Tí- ·. 
10000 5000 20001000 500 200 100 50 20 10 
Years 
2 Chapter 1 
10-500 ppb), ethylene (C2H4, 10 ppb), sulphur dioxide (S02, 1-100 ppb) and nitrous oxide 
(N2O, 310 ppb). One should not only think of industrial sources and consequences of domestic 
livestock; the presence of an increasing amount of people, breathing and sweating, emitting 
products of their digestion, has impact on the composition of our atmosphere. 
Garlic and onion odour is emitted in significant amounts by the skin, as detected easily by 
the most natural trace gas detector, our nose. This prominent organ possesses a strategic 
position in order to be able to warn its owner for danger and poisonous stuff in the menu. 
Human emissions can be used for diagnostic purposes. For instance water vapour 
emission reacts sensitively to exposure of skin to detergents.4 Eye diseases may lead to 
incomplete wetting of the cornea during winking. The wetting is demonstrated in fig. 1.2, 
where in addition to water vapour release as function of time also the concentration of C02 gas 
is shown. CO2 is also exhaled from lungs due to breathing whereas oxygen is consumed. 
One might object here that neither H20 nor CO2 are trace gases. Our breath also contains 
ethylene, ethane and pentane in much lower concentrations.5 '6 These gases can serve to signal 
cell membrane damage for people exposed to atmospheric health hazards.7 Methane has been 
found to be emitted by 50 % of all European population. Certain rural African populations8 
show an incidence of more than 80 %. It is released both by breath and, in combination with 
smelling sulphur compounds, by the other exit of our body, the anus. These trace gases can 
indicate intestinal malfunctioning, a diagnostic means not much explored yet. 
Fragrances can serve to add quality to joyful human and animal activities. When a female 
desires a partner, traces of perfumes and/or pheromones attract males over distances of many 
kilometers.' The importance of sensitive trace gas detectors is thus evident. 
Very Surprising is the "gas radar" system developed by the fungus Phycomycus 
blakesleeanus}0 Obstacles can be avoided during its fast growth, by sensing their presence 
through the effect of (diffusive) recoiling gas molecules emitted by the fungus itself. 
Trace gas detection has elucidated local effects like ammonia production from intensive 
life stock breeding, but also global aspects of increased C02 concentrations influencing plant 
growth and climatic conditions. Besides C02 as second important greenhouse gas methane 
deserves attention because it absorbs in a wavelength region where our atmosphere is still 
rather transparent.2 For pollutants like NO„ and S02 reliable and low cost detectors are still 
required. 
Ozone (O3) is a toxic oxidant; it reacts easily and therefore its concentration changes 
fast, especially in a closed cuvette as measuring system. It can however easily be monitored by 
the continuous flow possibility offered by photoacoustic (PA) techniques. Already 20 ppbv of 
ozone induces stress ethylene production by plant tissue under exposure." Stress in plants can 
also be the result of water shortage i.e. drought. In order to reduce water losses the stornata of 
leaves close; however to release the respiration product C02, they open periodically while 0 2 is 
taken up. In addition C2H4 production signals the presence of stress. Apparently these plants 
"breath" in cyclic patterns, similar to insects and mammals. 
The trace gases investigated in this thesis were mainly produced by small scale biological 
processes. For instance, fermentation in plant tissue, an important alternative energy source 
under anaerobic conditions leads to the production of ethanol. Germinating seeds are unable to 
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Fig. 1.2: Water vapour and C02 
release from a winking eye 
employing our photoacoustic CO-
laser trace gas detector. After 
opening water vapour and C0 2 
emissions are elevated. C0 2 was 
stored in the water layer of the eye 
during the period when it was shut. 
After opening a concomitant rise 
with water vapour is observed. 
CO2 decayed due to depletion of 
the dissolved amount. 
utilize oxygen, due to absence of the appropriate organelles in their cells. Thus fermentation is 
their only energy supply for growth and production of new cells that possess mitochondria 
needed for aerobic respiration. As a matter of fact mature fruit may also end its life with 
fermentation (e.g. grapes).12 
PA permits to detect traces of ethanol, acetaldehyde ethylene and C0 2 quasi 
simultaneously. These compounds are involved when aerobic and anoxic conditions are 
interchanged. Therefore the anaerobic and aerobic processes can be monitored with high time 
resolution. In addition, post-anoxic injury (i.e. damages of the plant tissue due to oxygen 
induced radicals) can be signalled by PA trace gas detection. In the end this injury leads to 
destruction of cell membranes and to the death of cells.12 
The only gaseous plant hormone known, ethylene (C2H4) is used to enhance fruit 
ripening. It is produced by the plant itself and requires oxygen for its biosynthesis. The 
precursor of ethylene, 1-aminocyclopropane-l-carboxylic acid (ACC), can still be formed 
under anaerobic conditions. Therefore, if after an anaerobic period oxygen is readmitted to 
plant tissue, enhanced C2H4 production is observed. The normal ripening can proceed, 
controlled a.o. by the hormone ethylene.13 
As for plants, water retention is an important issue for insects which characteristically 
possess a large surface to volume ratio. In an arid environment insects cannot keep open their 
respiration pathways all the time; they would die from desiccation.14 A complex breathing 
pattern has been established during evolution. Breathing was followed by sensitive PA trace 
gas detection. A large part of this thesis is devoted to the study of breathing patterns of 
arthropods; the release of CH4, H20 and C0 2 reveals a highly periodical and structured pattern 
for insects at rest. 
Nota bene, methane is not a respiration product but accompanies the exhalations. CH4 is 
produced in the hindguts of e.g. cockroaches due to the presence of methanogenic bacteria 
(methanogens).15 
Bacteria are of an amazing versatility16 e.g. methanogens live on H2 and C0 2; some other type 
of bacteria can even fix nitrogen, a property not shared by higher developed organisms. 
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Limited to certain niches their role is extremely important for providing energy and for 
recycling all relevant elements.17 At the start of our biological investigations we have measured 
methane emissions from bacteria living in wet soil, with and without influence of added 
chemicals to suppress the CH4-biosynthesis.18 Continuous sampling took place from the space 
above the muddy soil. Later we turned to the use of microprobes that penetrated into the soil 
to probe the CFL, concentration at different depth. The micro-probing relies on permeable 
membranes through which e.g. CH4 diffuses from the in water dissolved state to the gaseous 
phase." Our experiments with Goratex showed that this material can be used for sampling of 
dimethylsulfide (DMS), an important component of the sulphur cycle. DMS originates from 
salophilic micro organisms and contributes to cloud formation.20 Besides, it smells and can be 
detected over large distances e.g. by gazelles in search of oasis for water supply, another 
example of natural trace gas detection. 
2 The photoacoustic technique 
As trace gas detection PA provides monitoring of gases emitted e.g. during physiological 
changes in plants and animals. The underlying processes are signalled but not elucidated in all 
their aspects. PA concerns detection of gas exchange, whereas mainly non-volatiles play a 
relevant role in physiology. 
Applying photoacoustics at a high level requires; low detection limits, good time 
resolution and sufficient selectivity to distinguish between various trace gases. Not required is 
a general detectability of all possible gases like one expects for e.g. a mass spectrometer. The 
relevance of detectable molecules in biological processes determines the utility of the device. 
The principle of PA detection is illustrated in fig. 1.3. A central position is occupied by 
the absorption cell (shaped as an acoustical resonator). The trace gas must absorb the incoming 
light (produced by the sun, a lamp or a laser) to be detected; the absorbed energy is converted 
to the translational degrees of freedom of the gas in the absorption cell by collisions. This leads 
to a rise in pressure. If the incoming light intensity is modulated (chopper) the absorption 
produces sound to yield the PA signal. Sensitive microphones are available to detect the sound. 
The absorption cell is built as an acoustical resonator (open organ pipe) to enhance the PA 
signal. A little more then 100 years ago Bell,21 Tyndall22 and Röntgen23 performed their first 
experiments on the photo-acoustic effect, with very simple equipment; a glass bulb (in stead of 
the resonant cell), on top a rubber membrane with a stethoscope (instead of the microphone 
and lock-in amplifier) and modulated sunlight (instead of chopped monochromatic tunable 
laser light). The equipment, with which most of the measurements of this thesis were 
performed, weighs some hundreds of kg's; the photoacoustic cell has a weight of 50 kg 
already. The laser in line with the cell (placed intracavity) has a length of 3.5 m. Additionally 
the laser is cooled by liquid N2 consuming 100 liters/day. The total equipment costs roughly 
100.000 US$. This reflects the progress in sensitivity due to modem technology. Those gases 
where PA is at its best can be detected down to about 1 molecule in IO11 (10 pptv). The 
response time of the complete set-up amounts to some seconds, if the laser transition is not 
changed; switching and measuring on two different wavelengths takes about one minute. 
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Fig. 1.3: Schematic view on 
photoacoustics. A chopped 
light source is absorbed by 
gases inside the resonator. 
The amplitude of the thus 
produced sound yields the 
amount of absorbing gas 
present. 
Continuous monitoring has been extended over five days during which insects have been 
scrutinized for their gas emission. 
The CO-Iaser PA detection technique applied here is able to adress some 20 gases; many 
of these are interesting from a biological point of view. Fortunately one has not to observe all 
of the 20 compounds simultaneously because their simultaneous measurement shows 
interference effects. On the other hand, a multi-component measuring-routine has been 
developed, successfully applied to monitor five gases together. Spectral selection was aided by 
a refined cooling trap with trapping stages at different temperatures. 
A novel technique demonstrated in this thesis involves the combination of 
thermoacoustics with photoacoustics. Thermoacoustics has only recently found an application 
as a cryogenic refrigerator send into space by NASA. An intense sound wave is transformed 
into a temperature gradient without the use of gases or liquids as cooling agents. We use the 
effect in the opposite way; amplification of sound by means of a temperature gradient. Future 
detection limits of photoacoustics may be lowered by amplifying PA signal with 
thermoacoustics. 
3 Outline of the thesis 
Two pathways can be followed reading this thesis. One stems from physics and from the 
technological accomplishments; the second is related to physiological studies. Both lead to 
somewhat conflicting aspects concerning the arrangement of the contents. 
We were led by the physics from chapter 2 to 6. In chapter 2 the development of a fast 
PA cell placed inside the cavity of a C02 laser is described to measure ethylene emissions from 
tomatoes. A mathematical analysis of photoacoustics is presented and confronted with 
experimental verification. The photoacoustic cell design was improved by e.g. window signal 
suppression by tunable air columns and increased speed of detection to a few seconds. Chapter 
3 treats the development of the cryogenic CO-laser dedicated to PA intracavity measurements 
to investigate insects. Automized measurements with the sensitive detector could be extended 
over continuous periods of five days. In chapter 4 several absorption spectra and detection 
limits of 20 relevant biological gases are presented along with the concept of a serial triple cell 
for multi-component analysis. The arrangement is employed to measure emission of several 
6 Chapter 1 
fermentation products from tomatoes. The development of an active acoustical amplifier to 
boost up the sensitivity can be found in chapter 5. A theoretical model combining the 
description of thermoacoustics (Taconis-oscillations, though below threshold) and 
photoacoustics is verified by experiment. In chapter 6 tests of novel micro-probing techniques 
are performed to obtain concentration profiles with high spatial resolution within rice field soil. 
The last two chapters of this thesis are mainly concerned with the biology of insects. In 
chapter 7 the implications are discussed of our finding that methane (produced microbially in 
anaerobic parts of the intestines of e.g. cockroaches) is released periodically in cycles of up to 
one hour duration. In chapter 8, an extended discussion of breathing cycles mainly of 
cockroaches, flies and a beetle demonstrate complex strategies of nature to take up O2 and 
release C0 2 while preventing death of desiccation. 
Most of our biological results concern insects; we have measured CH4, H2O and CO2 
releases of insects at rest. Although breathing reveals synchronous cycli the physical character 
of these three components yields different patterns. Methane is a gas that dissolves poorly in 
water and in the hemolymph of the animal. CO2 (also a gas) dissolves about 20 times better in 
water and even dissociates; therefore, the hemolymph can buffer large amounts of C02. H 20 is 
measured as vapour at saturated partial pressure within the respirational pathways i.e. the 
trachea of the insects. 
Flow and diffusion out of tubes, closed at one end with valves that open occasionally, is 
discussed. The other end of the trachea supplies oxygen to the active cells of the animal, i.e. 
oxygen is consumed and C0 2 is produced. The latter is stored temporarily in the body fluid, 
the hemolymph. Methane diffuses from the hindgut through the haemolymph into the trachea, 
at an almost constant rate. 
The investigated insects varied much in weight, from a few mg to several gram; their 
length changed by a factor of ten. Cycle periods were found between 6 minutes and 1.5 hours. 
Interestingly, within the species Periplaneta americana the body-weight correlates similar 
negatively to breathing frequency as compared to mammals and birds. Since insects were 
observed to exchange their gases actively by ventilating an open question is why insects, which 
apparently for their respiration are not limited by pure diffusion have not acquired larger sizes 
like mammals did. 
The total estimated methane emission of insects leads mondially to a non-negligible 
contribution of up to 25 %15. In view of global warming the insects thus become 
environmentally relevant. 
The second major biological theme in this thesis concerns gas exchange of fruit under 
changing aerobic/anaerobic conditions. The underlying physiology is complex. At least two 
different processes are observed under these conditions. One concerns the biosynthesis of 
ethylene which is impeded under anoxic conditions and the other involves the change to 
fermentation under anoxic conditions. 
The biosynthesis of ethylene requires the presence of oxygen, for the last step.24 
L - methionine => SAM => ACC =>С2Н4 
When anoxic conditions are imposed ACC is still produced up to a certain level whereas the 
release of ethylene stops after complete consumption of oxygen. It seemed interesting to study 
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the time dependence of ethylene emission, with high time resolution for cherry tomatoes But 
also the reverse process after re-admission of O2 has important aspects. The C2H4 production 
is fast resumed whereby first the stored ACC is converted to ethylene. To observe the proper 
evolution of the increasing ethylene signal a time resolution of several seconds was needed. 
During anoxia, a tomato starts to ferment; in this process pyruvate is converted first to 
acetaldehyde and finally to ethanol. The last step takes place rapidly so that the level of 
acetaldehyde is about 100 times lower than that of the ethanol.25 Fermentation provides energy 
for plant tissue under anoxia In nature this occurs e.g. during flooding or before germination 
of seeds. If oxygen enters after an anoxic period radicals are formed, ethanol becomes 
oxydized and an upsurge of toxic acetaldehyde is observed. In the extreme case cell 
membranes become leaky and cells die In addition to many questions of basic interest there is 
also a practical if not economical point of view, fruit is often stored under suboxic conditions 
(at about 2 % of oxygen).25 The described injury upon re-admission of oxygen on their way to 
the consumer is of great concern. Antioxidants can be applied to scavenge the toxic radicals. 
To return to the fundamental issues, the jump of the acetaldehyde levels upon aerobic <-» 
anoxic changes calls for observation by fast and sensitive PA detection with the CO-laser 
excitation Actually, several components were measured simultaneously; CO2, C2H4, ethanol 
and acetaldehyde. The results reported in chapter 4 contain novel features thanks to the 
superior detection technique employed. 
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Chapter 2 
Geometrical optimization of a longitudinal resonant 
photoacoustic cell; sensitive and fast trace gas detection 
with an intracavity C02 waveguide laser setup; its 
application to cherry tomatoes. 
F.G.C. Bijnen, F.J.M. Harren and J. Reuss 
Dept. of Molecular and Laser physics, University of Nijmegen 
Toernooiveld, 6525 ED Nijmegen, The Netherlands 
Abstract 
We present a quantitative discussion of the acoustic transmission line theory pertaining to 
experimental results from a resonant photoacoustic cell excited in its first longitudinal mode. 
Window absorption is optimally suppressed by buffer volumes and tunable air columns. The 
acoustic behaviour of the introduction of an ultra sensitive 1 inch condenser microphone is 
quantitatively described. A comparison is made between a resonant and a non resonant cell. A 
small and sensitive photoacoustic cell has been developed for intracavity use in a CO2 
waveguide laser permitting measurements of ethylene down to 6 pptv (long term stability 20 
pptv) with a time response of 2 s at a trace gas flow of 6 1/hour. Measurements on the release 
of ethylene by cherry tomatoes under aerobic and anoxic conditions are presented. 
ш. 
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1 Introduction 
During the past decade the development of sensitive trace gas detection techniques has become 
more important in several fields of research like environmental sensing1, in medicine and in 
biology. In the latter case the need for sensitive trace detection concurs with the desire to 
perform non-intrusive measurements. Trace gas emission by plants, animals and human beings 
gives insight in their physiology. The measurement of ethylene produced by plant material is of 
our interest since it is a hormone. Due to its impact on the plant tissue at low concentrations 
the gas is best measured in a continuous flow system avoiding accumulation around the 
tissue.2 
Photoacoustic (PA) spectroscopy in combination with lasers is a very sensitive detection 
technique3 offering the possibility to work with a continuous flow. The PA effect is based 
upon energy conversion from light to sound energy. In the past many authors discussed the 
theoretical acoustic behaviour of non-resonant and resonant cells, the latter excited either in a 
radial,4 an azimuthal or a longitudinal5'6 mode. Different resonant cell types have been 
compared.7 '8 The PA resonator excited in its first longitudinal mode and described here can be 
understood very well as the acoustic analogue of an electric transmission line9. Quantitative 
results of the acoustic transmission line theory are presented. Within this approach, the 
geometry of the PA cell can be optimized for a maximum ratio of acoustic pressure amplitude 
(from bulk absorption) to PA background signal (from window absorption), at the same time 
realising a minimum volume of the PA cell. 
For trace gas detection it is important to have a low PA background signal. The 
background signal should be very stable, otherwise additional noise is introduced resulting in a 
deterioration of the detection limit of the PA system. Low background signals are especially 
important in an intracavity set-up; due to the increased laser power the background signal is 
augmented correspondingly. 
A small volume of the acoustic cell is desirable in order to obtain a fast response of the 
cell for changing gas samples, allowing low flow rates (< 10 litre/h). A high flow velocity 
increases the noise level in a continuous flow set-up. A low gas flow is important when small 
gas samples (e.g. derived from small biological systems) are to be analysed. 
The validity of the theoretical modelling of the PA signal generation will be tested and 
compared with experimental results derived from an extracavity PA cell using a CO2 
waveguide laser as a light source. The model will furthermore predict which parameters are 
critical for an optimization procedure. 
In an intracavity CO2 laser arrangement the fast time response of an optimized cell is 
exploited by measuring the abrupt ethylene release of a single cherry tomato after a change in 
carrier gas flow from air to nitrogen, similarly a seal over the stem scar area is punctured to 
produce a transition from anoxic to normoxic conditions there. 
2 Theory 
2.1 Acoustical basics. 
A modulated heat source H(r,t) induces periodical changes of temperature τ and pressure p. 
We assume these changes to be small as compared to the average temperature Τ and total 
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pressure P. The following differential equation applies to the case without any thermal and 
viscous losses10. 
1 дгр {y-\)dH(r,t) 
Vp
-slF=-——ТГ (1) 
with с the velocity of sound (m/s), y = cpjc4 the specific heat ratio of the gas and 
H(r,t) = aPagPL(r)e"i"/S the heat added per unit volume where α is the absorption 
coefficient of the gas (cm1 atm"'), Pag the partial pressure of the gas (atm), PL(r) the 
unmodulated power of the incident laser beam (W), S the cross sectional area of the duct (m2) 
and ω = 2πυ the angular frequency of the modulation. 
At the wall of the resonator losses occur due to viscosity and thermal conduction. We 
neglect heat conduction and viscous losses in the volume of the gas; the acoustic power loss 
from these effects is very small. In general the thermal expansion of the gas is adiabatic; 
however, the wall consists of a material with a thermal conduction coefficient much greater 
than that of the gas. Therefore, near the wall the expansion will change to isothermal. The 
temperature variation changes exponentially from the adiabatic propagation in the gas to zero 
at the wall; this induces thermal losses. Outside a thin boundary layer with thickness dK, near 
the wall, the thermal losses can be neglected10. Inside the boundary layer the energy losses per 
unit area per second are 
(γ-ΐ)ω | ρ 
with 
4 c = J — О) 
К is the heat conductivity of the gas and ρ the density of the gas. A similar reasoning holds for 
the viscosity; the velocity drops to zero at the wall and mainly causes losses within a viscous 
boundary layer with a thickness d
v
. The viscous losses per unit area per second are; 
L
v
=y2p<udM
2
 (4) 
with 
Í2v 
ycop 
with ν the dynamic viscosity of the gas (Ns/m2) and и the macroscopic velocity of the gas. 
At atmospheric pressure and audio frequencies both boundary layers are only a fraction 
of a millimeter thick. For the lossless case the differential eq. (1) yields good solutions p(r,t) to 
describe approximately also the low-loss case. Only for capillary tubes of a small diameter {d= 
dK,dv)u and for gases with exceptionally high viscosity or heat conductivity the solutions form 
a bad approximation. Next the losses are introduced and a uniform heat deposition over the 
cross section of the duct is assumed since only longitudinal resonances are considered. 
Neglecting the first term of eq. (1) the modulated pressure p0(r,t) of differential eq. (1) yields 
the source term 
(y-l)pjryae·» 
Po(r
'
i ) =
 Ss (6) 
12 
Ι (χ) Rôx ωίδχ 
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Fig. 2.1: 
Transmission line, 
characteristic 
immittances per unit 
length δχ with 
current (heat 
source) lo. 
2.2 Acoustic transmission line theory 
If an acoustic wave is transmitted through a tube, one can express the acoustic behaviour with 
the one-dimensional electrical transmission line analogue. The basis of this theory has been 
described10 extended with a matrix formalism and applied before in this field9. Each matrix 
describes the characteristics of the acoustic wave in a uniform part of the cell. Coupling these 
matrices permits a quantitative description of the PA signal at any position in the cell with an 
arbitrary modulation frequency'. A short survey of the theory follows below. 
A requirement for the one dimensional transmission line theory is that the acoustic 
wavelength should be long in comparison to the cross section of the tube, so we only need to 
consider the motion of the gas parallel to the tube axis, p(r,x,t)= р(х)е'ш. Since both 
current and pressure variations have the same time dependence e'm the Fourier transform 
equivalent of the transmission line is taken. Within this electrical transmission line description, 
volume constrictions, openings and cross sectional variations can be expressed as discrete 
circuit immittances, such as resistance (real part of impedance), reactance (imaginary part of 
impedance), conductance (real part of admittance) and susceptance (imaginary part of 
admittance). The electric analogue of the total flux U = Su of gas through a duct is the electric 
current /, where и stands for the gas velocity perpendicular to the cross sectional area 5 of the 
duct. The voltage У is the analogue of the sound pressure p. 
In the electric transmission line theory the reactance coL is defined by the total magnetic 
energy per unit length of the transmission line, Я LI2 (see fig. 2.1), with L the inductance per 
length and I the current. The acoustic analogue coL,, can be defined by the kinetic energy of the 
gas per unit length Уг pSw2 = Я L
a
(Su) . Thus 
L..=^ (Ns2/m6) (7) 
The electric susceptance <ùC is defined by the potential energy per unit length ЯС 2 with С 
the capacity per length and V the voltage across the transmission line. The acoustic analogue 
(uCB is given by the potential energy per length of the gas molecules, X SKsp2 =УгСар2, with 
к, = l/p c2 the adiabatic compressibility and 
C „ = ^ 7 (m4/N) (8) 
pc 
The viscous and heat conductivity losses of the gas at the wall are accounted for by 
introducing a resistance, R
a
, and a conductance, G
a
, in the transmission line. The acoustic 
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power loss per unit area is given by eq. (2), whereas its electrical analogue reads GV2 with G 
the electrical conductance per length. Thus 
G„= ' 2 (m4/Ns) (9) 
2p С 
with D = 2nr the circumference and r the radius of the tube. Similarly one obtains the 
resistance from the viscous energy losses (eq. 4, electrical energy loss RI2) 
çxod D
 Ä 
R
°
=
 2S2"" ( } ( 1 0 ) 
The quality factor β of a standing wave in a tube can be calculated from the immittances. The 
quality factor corresponds to 2π times the ratio of the energy stored in the acoustic wave and 
the average power dissipated each period. The cell constant F is a measure for the sensitivity 
of the PA cell giving the acoustical response on a normalized amount of energy deposited. The 
angular resonance frequency, the quality factor and the cell constant of a fully open resonator 
(no buffer volumes attached) are given by12 
ω„, =2πυ„
Γ
= π <://„« Γ' 
KR I2 Key2 V7 
ß "' = 
Χαν,,Ζ,/2 Χω CV 2 г 
ρ _GtM(y-l)lmQar Л 
ω„,ν„( г
 ( } 
where l
m
 the length of the resonator, V
res
 is the volume of the resonator and GK/; a factor of 
order one determined by the geometry of the cell. In eq. (11) the expression for the cell 
constant F„r consists of the normalized energy deposited in the resonator volume times the 
quality factor Q. 
For an acoustic transmission line the impedance and admittance per unit length become 
(see fig. 2.1). 
Z=R
a
+iu>L
a 
Y = Ga+i(ûCa (12) 
In the electrical transmission line theory one can describe the behaviour of the current and the 
voltage with two coupled differential equations omitting e'a'. 
dV(x) 
dx 
dl(x) 
dx 
= -Z/(x) 
= -V(x)Y + V0Y (13) 
where VQ represents the time independent voltage analogue of the solution given by eq. (6). 
The last term of eq. (13) can also be written as a current source per unit length 
!
°
=V
°
Y
 = ¿ - ^ (14) 
Note that in the case of a lossless electric transmission line (R=0, G=0) it can be shown that eq 
(13) is the electric analogue of the acoustic eq (1). 
14 Chapter 2 
The solution of the differential eq. (13) is given by 
V(x) = V0-Zc[Ae*'-Be-f>x] 
I(x) = Ae* + Be* (15) 
with β = л/zy the propagation constant and Z
c
 = -JZ/Y the characteristic impedance of the 
transmission line. A and В are determined by the boundary conditions. 
2.3 Coupling between circuit elements 
In any part of the acoustic transmission line the behaviour of the pressure can be described by 
eq. (15). The amplitudes A and В are determined by the boundary conditions. If we have a 
closed tube with a high admittance at the ends (i.e. windows), the waves are reflected back. In 
the case of an open tube and if the wavelength is long compared to the diameter, only a small 
part of the acoustic energy is radiated out while the rest is reflected back. 
The expression for the quality factor, eq.(10), only holds in the case that no energy is lost 
from the resonator by radiation. In our type of acoustic cell we have not an entirely open ended 
resonator tube; a finite buffer volume is coupled to it. At the end of the resonator tube the 
impedance is determined by the coupling to the buffer volume. Coupling conditions ensure the 
continuity of the voltage (pressure) and the current (air flux) at the point where the cross 
section varies. Thus 
/,U=0 = /1+,U+,=o) 
V,{x.=lt) = Vjx,+l=0) (16) 
With /,· and V¡ the current and voltage in a subcell i and l¿ the length of each subcell. 
From the solution for the voltage and the current of one subcell, eq. (15), matrices9 can 
be constructed by implementing these relations into the boundary conditions given by eq. (16). 
The solution for subcell i is coupled to that of the succeeding cell i+1, expressing AI+1 and 
β,·+1 in terms of A, and B,. 
(Α,,Λ (MlM Μ,,ΛίΑ,λ (ЩЛ 
В
м J M,2\ M..lïJ \B.J \W«J 
(17) 
By subsequently multiplication of matrices one can express A„ and B„ in A, and By The vector 
W in the second part of eq. (17) contains the source term, i.e. the driving force for acoustic 
signal generation. 
At the ends of the cell, heat flux can be introduced due to laser power absorption by the 
windows. Airlayers, with a thickness of approximately d\, are heated by the windows resulting 
in a flux introduced at these points given by13 
dKa„u2wP, 
K= rc (18) 
where μ„ = ^2D
№
 /ω the diffusion length in the window, D
w
 the thermal diffusivity, a», the 
absorption coefficient, Τ the ambient temperature and K
w
 the heat conductivity of the window 
material. 
The equivalent current generated determines the boundary conditions of the constructed 
transmission line. 
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Fig. 2.2: 
Curves along which the acoustic waves 
travel through at the exit of a flanged 
resonator into an open space. The velocity 
is given by 
Л(*,=о) = ƒ„, 
2ν(ΐ + ξ 2)(ξ 2+η 2)" 
with u
ns
 the velocity in the center of the 
resonator. For our resonator only one half 
of the flow pattern through a hole was 
considered10. Integration along the lines 
of flow (constant r\) yield the kinetic 
energy from which the inductance L
cl can 
be deduced. Viscous losses occur at the 
surface η = -yj2d^ / r
ns
. Integration over 
this surface results in R
c
, 
(19) 
In the case we consider only the gas absorption amplitude, /
w
i and 1^ are set equal to zero. 
The matrix relation (17) enables us to determine the coefficients A£· and 5, in each subcell and 
to calculate the pressure amplitude due to window absorption at any position in the acoustic 
cell. 
This one dimensional model is valid for small changes in duct cross section between two 
subsequent subcells. In the case of the change in cross section between the small radius 
resonator and the larger radius buffer this assumption is only partially valid. The acoustic wave 
does not have its pressure node at the border between resonator and buffer; it lies at a small 
distance from the resonator. This phenomenon can also be observed if one calculates the 
resonance frequency of an unflanged organ pipe in which case the resonance frequency is a 
function of both the length and the radius of the resonator. From the expression for a small 
opening inside a large duct10 an approximate impedance condition at the interface between a 
small resonator and a large radius buffer can be deduced (see fig. 2.2). This gives us a first 
order correction to the proposed transmission line model. 
Ρ U.=-
Я,, = 
72ρων 
SS In-
2r 
Za=Ra+i(aLa (20) 
A more thorough derivation of coupling between two ducts is described elsewhere14 but not 
included in our model. The corrected transmission line model possesses quantities with the 
subscript ct. 
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Extension of the standard transmission line model by eq. (20) requires the following coupling 
equations at the interfaces on both side of the buffers. 
V, (*,=/,)-Z«,/,(*,=/,) = VI+1(*,+1=0) (21) 
The presented matrix formalism of eq (17) can be used to express Λ,+ι and B,+l into A, and Bt. 
Comparison of experimental results with theoretical calculations allows us to determine 
whether the standard transmission line with boundary conditions (16) (denoted by the subscript 
st) is improved by the corrected transmission line model (21). 
2.4 Coupling lumped elements to the transmission line 
Large condenser microphones or air columns attached to the transmission line of the detector 
can change the acoustic behaviour considerably. The input impedance of these lumped 
elements need therefore to be determined. In appendix A the (input) impedance Z
mc
 of a 
condenser microphone with a small volume in front of the membrane is derived. Another 
lumped element can be a (tunable) acoustic column (tac) of length l
mc
 attached to the line on 
one side and closed at the other. The input impedance V,
ac
(x = 0)/I
ac
(x = 0) described by a 
piece of transmission line of length l,
ac
 with the condition of zero current at the end 
(Z(7MC ) = °°,І(1ШС )=0), without voltage source (V0 = 0), can be deduced fromeq (15) as 
(l + g2p"f'-) 
With Zciac the characteristic impedance and ßwc the propagation constant. The input 
impedances Z,ac and the input impedance of the microphone ZmK will generally be denoted by 
the lumped element Ζ;„„. To incorporate Z¡um in the transmission line, one particular uniform 
subcell is divided into two separate subcells at the position where the element is attached. The 
length of the two subcells added is the same as that of the original subcell; the other properties 
are the same (since in our case these depend only on the radius of the subcell). The current Iium 
entering the lumped element is lost from the transmission line and the voltage V/um at the 
entrance of the lumped element is equal to that in the transmission line, at the junction of the 
subcells. Coupling the attached element therefore requires the following conditions. 
'.(' = 0 - / * - = ',+.(*.+, =o) 
^ U = 0 = v»,ki=o) = vlum 
•л™
 =
 Zlu„ · lbm (23) 
At the position of the element a matrix can be constructed expressing Ai+1 and Βί+χ in terms of 
A¡ and B¡ using eq. (15) and the matrix formalism of eq. (17). In the appendix in fig. 2.A2 the 
microphone impedance is shown to be coupled to the transmission line. 
With the calculation scheme developed thus far we can optimize the signal amplitude 
corresponding to the gas absorption and minimize the influence of window absorption, for 
almost any cell geometry. 
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3 Experiment 
3.1 General experimental arrangement 
Several cell designs have been tested and compared with theory. The influence of the cell 
geometry on the PA signal was investigated employing a tunable infrared C0 2 waveguide laser 
with an output power of 2 W operated at the 10P14 laser line. The aim of this research was to 
employ the cell in an intracavity arrangement to perform measurements on biogenic sources. 
Most modelling experiments, however, were performed extracavity. The extracavity laser 
beam passing through the PA cell was focused by a curved mirror (f=500 mm). By positioning 
this mirror a distance of 800 mm from the laser outcoupling mirror (tube diameter 3 mm) a 
(calculated) beam waist of 1 mm was realized 900 mm away from the mirror. This waist was 
small enough to avoid detectable absorption at the resonator wall. Inbetween the laser exit and 
the PA cell a chopper (blade 50% open) was positioned resulting in a square wave modulation 
of the intensity. The PA signals were monitored by means of a lock-in (type EG&G 5210). The 
power was monitored behind the PA cell by a power meter containing a thermopile. 
The PA cell consisted of a polished brass resonator of length iret=100 mm and radius 
rreI=3 mm (see fig. 2.3). For the resonator a small radius was preferred since this yields a 
higher cell constant (eq. 11). A smaller radius of 2 mm was tested but gave rise to high PA 
background signals during intracavity operation due to absorption of the wings of the gaussian 
laser beam profile. The outer part of the PA cell was made of aluminium. The cell had two 
ZnSe windows under Brewster angle. The length of the cylinders drilled into the aluminium 
block to connect windows with buffers was minimized to avoid additional resonances. To 
suppress the window signal tunable air columns were connected to these cylinders. 
The cell had one inlet and two outlet ports. The gas inlet port was connected to the 
Fig. 2.3: The resonant PA cell. 1, Resonator; 2, Buffer volume (maximum size 0 40x50 
mm); 3, Buffer ring to decrease buffer radius; 4, ZnSe Brewster window; 5, Tunable air 
column; 6, Metfor trace gas; 1, quarter lambda notch filter; 8, Trace gas flow out; 9, 
(Knowless) microphone. 
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centre of the resonator via an acoustic notch filter of Χ λ ; the noise in line with the trace gas 
flow was optimally suppressed at the resonance frequency of the PA cell. After entering the PA 
cell the trace gas flow was split and filled both sides of the resonator. Subsequently the gas left 
the detection zone, passed through the buffers towards the outlets close to the windows. The 
outlet ports were attached to cylinder connections between the Brewster windows and the 
buffers. Small diameter tubes ( 0 0.8 χ 200 mm) were connected to the outlet ports to prevent 
noise entering from outside and to secure optimal performance of the tunable air columns. This 
flow scheme provided a fast time response of the detector. 
The experiments were performed with two types of microphones. First a small Knowless 
EK3024 electret microphone (sensitivity 22 mV/Ра (at 1600 Hz), electrical noise 40 nV/V№) 
was employed to investigate the acoustical performance on changing the buffer dimensions of 
the cell. No influence of this microphone on the acoustic performance of the cell was observed: 
positioning an extra Knowless microphone of the same type at the centre of the resonator did 
not change the acoustical properties of the cell. This observation is confirmed by a theoretical 
model including a representation of the input impedance of this type of microphone (data not 
shown). To reach lower detection limits and to study the influence on the acoustic resonance a 
large 1 inch condenser microphone is introduced (Bruel & Kjaer 4179, sensitivity 1 V/Pa, 
electrical noise 200 nV/Vft). Due to the large membrane and the airspace in front of it this 
microphone showed a large influence on the acoustical performance of the PA cell. When one 
of both types of microphone was not properly coupled to the resonator, leaving an acoustic 
leak drastic reduction in signal amplitude and quality factor was observed. The microphones 
were therefore glued (Knowless) or sealed with o-rings (B&K) to the resonator. 
To test the response of a cell for trace amounts of gas, a calibrated mixture of 1.2 ppmv 
ethylene in nitrogen was flowed through the cell at standard atmospheric conditions (STP). 
The window signal modelling experiments were performed with pure nitrogen at STP (see 
table 2.1). Calculations for the gas absorption signal included the time independent term; eq. 
(14), no signal was generated at the windows (/„, = 0 in eq. 19). For window signal absorption 
eq. (18) was included in the model while no gas absorption was considered (V0 = 0 in eq. 13). 
The physical properties of ZnSe are shown in table 2.2. These data are used in the theoretical 
model. 
The pressure amplitude response of the PA cell due to gas absorption is expressed by the 
cell constant F (Pa cm/Watt). Since F is independent of the amount of absorbed energy the 
heat conductivity 
speed of sound 
dynamic viscosity 
heat capacity 
density 
Cplc
v 
К 
С 
ν 
CP 
Ρ 
γ 
25.52 • IO3 
350.1 
17.6 · IO6 
1.04· IO3 
1.142 
1.4 
W/(m · K) 
m/s 
P a s 
J/(kg · K) 
kg/m3 
Table 2.1; properties of nitrogen at 
standard pressure (P=l atm) and room 
temperature (7=295 K)'s 
heat conductivity 
thermal diffusivity 
absorption coefficient 
K, 
D
s 
Os 
18 
1.005· 10"5 
0.2 
W/(m · К) 
m
2/s 
m' 
Table 2.2: properties ofZnSe at room 
temperature (T=295 К) 
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experimentally determined cell constant Fiip was obtained by correcting the measured signal 
amplitude for the absorption strength of the trace gas, the concentration, the laser power and 
the microphone sensitivity. 
F
">- S
m
aPa,iPL
 ( 2 4 ) 
with A
m
 the peak-peak signal of the microphone in (mV), S
m
 the sensitivity of the microphone 
in (mV/Ра) and PL the unmodulated laser power (W). The factor 4/π reflects the Fourier 
transform value of the square wave power modulation. Pag the partial pressure (arm) and α the 
absorption coefficient (atm"1 era') of the absorbing trace gas. For ethylene at the 10P14 laser 
line α is equal to 30.4 (atm"' cm"1)16. The experimentally determined quality factor is given by 
g = υ"* (25) 
with υ, and υ 2 the frequencies above and below resonance at which the amplitude is l/v2 
times the amplitude at resonance. In our experiments the quality factor appeared always to be 
approx. 25% lower than the theoretical value. The reason for the additional losses were not 
clear to us. To compare the experimental and the theoretical cell constant the experimental 
results were corrected for the experimental quality factor by defining a new cell constant 
To study the influence of window absorption on the PA background signal, for changed buffer 
dimensions and length of the tunable air columns, one of the windows was made optically 
black. The laser first passed through the transparent window and the resonator. Then the beam 
was partially (50%) absorbed by the blackened window. In this way the phase and the relative 
amplitude of the window signal were determined. These relative results were scaled to 
theoretical calculations. To investigate the influence of the length of the buffer a black piston 
was introduced at the position of the blackened window. One intracavity modelling experiment 
was performed with transparent windows to determine the absolute window signal absorption 
amplitude. 
3.2 Optimization of buffer dimensions 
To study the validity of the transmission line model developed above and to determine the 
critical parameters involved, the dimensions of the buffers were varied and compared to the 
calculation. In a computer program based upon the presented theory the PA cell consisted of 
five subcells (see fig. 2.3). The middle part was the representation of the resonator (Z
r
„„ r
res
 ) 
at both sides connected to the buffers (/(,„ƒ, rbuf). Representations of small pipes connect the 
windows with the buffer volumes (from here on called window pipes). The tunable columns 
near the window were set at length zero and were not taken into account. The cross section of 
the window pipe varied over the length since the windows were positioned under the Brewster 
angle. In the simulation model the length for these pipes was taken as the total volume divided 
by the cross section of the pipe at the connection to the buffer. This is a proper approximation 
if the length is much smaller then the acoustic wavelength. 
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3.2.1 Radius of buffer 
For a buffer length of 50 mm the original buffer radius of 20 mm was reduced by aluminium 
rings of various inner diameter and sealed to the original buffer surface with o-rings (see the 
inserted ring in fig. 2.3). The results for PA signal generation by gas absorption are presented 
in fig. 2.4a, b and с For large buffer radii (>10 mm) both the calculations and the experimental 
results converged. Comparing the resonance frequency from calculations with experiment the 
standard transmission line model gives a 8% overestimation (fig. 2.4a). The first order 
correction of the transmission line model (eqs. 17, 20 and 21) improves the correspondence 
with the experimental results to only 1% overestimation. The Quality factor was qualitatively 
well described by theory; however, it was overestimated by both models (standard and 
corrected) (see fig. 2.4b). Almost no improvement is obtained by the correction of the 
transmission line model. Extra losses not being accounted for in theory are still present. The 
calculated cell constant corresponded very well with experiment after the experimental results 
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had been corrected for the lower experimental quality factor (eq. 26, fig. 2.4c). For 
comparison, the expression for the open tube (eq 11) yields Q
or
 = 38.5 and f
or
 = 1750 Hz for a 
resonator of r
r
„ = 3 mm and l„, = 100 mm. These values agree well with the calculations 
obtained by the standard transmission line model for large buffer radii. The agreement allows 
us to determine the geometrical factor (eq. 11), G= 1.2 yielding a cell constant for an open 
resonator of F
or
 =6 · 103 Pa cm/W. 
The quality factor (fig. 2.4b) showed a maximum at a buffer radius twice that of the 
resonator diameter. This can be understood in the following way. At large buffer radii the 
acoustic standing wave is mainly confined to the resonator area. The losses of the acoustic 
standing wave are determined by the surface interaction with the resonator wall. At smaller 
buffer radii (г
Ьі
# =2- r
rel) a better coupling between the resonator and the buffer distributes the 
energy of the standing wave over resonator and buffers. Since the buffer radius was larger than 
the radius of the resonator, the ratio of the participating acoustic volume and total wall surface 
increased. The corresponding ratio of total energy content over the losses was larger resulting 
in a higher quality factor. At even smaller buffer radii the ratio of acoustic volume over wall 
surface decreased resulting in a lower value for the quality factor. 
The experimental results for the window signal absorption amplitude were obtained by 
making one window optically black to increase the signal amplitude for the modelling purpose. 
As can be seen from fig. 2.5 at small buffer radii the window signal became stronger. The 
coupling of acoustic waves generated by the window absorption with the resonator increased 
when the radius of the buffer was reduced. The decrease in resonance frequency at smaller 
buffer radii (fig. 2.4a) indeed indicated, as pointed out above, that the standing wave spread 
out into the buffers. The window absorption signal had the same quality factor and resonance 
frequency as for the gas signal (fig. 2.4) and is therefore not shown. 
3.2.2 Length of buffers 
To investigate the influence of the length of the buffers on the transmission of window signal, 
one buffer was varied in length. At one end the Brewster window holder was taken off and a 
black absorbing piston was introduced. The piston could slide along the length axis sealed with 
o-rings to the cylindrical buffer wall. In this way all laser radiation was absorbed and a strong 
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signal resulted, suitable for a comparison between theory and experiment. The length of the 
buffer was varied by adjusting the position of the absorber inside the buffer. The laser beam 
passed through one window, a buffer at a fixed length of 50 mm, the resonator, the length 
adjustable buffer and was finally stopped by the black absorber. At this side of the resonator 
the buffer was reduced in length starting at 50 mm. As can be seen from fig. 2.6 best 
attenuation was achieved at a buffer length of 50 mm (Χ λ). This can be understood as 
follows. At a certain moment a positive pressure amplitude is introduced into the buffer by the 
black absorber (or window). After travelling a distance 2 times Χ λ and 2 acoustic reflections 
to both side walls, without phase jump, the positive pressure amplitude is back at its original 
starting point in the buffer. At that moment, half a period later, a negative pressure amplitude is 
introduced by the window into the buffer. The acoustic wave interferes destructively 
minimizing the coupling between window source and resonator. 
Besides the influence of the window signal, the gas absorption amplitude was tested by 
positioning aluminium discs inside the buffer volume at both sides of the transparent windows 
which reduced the buffer lengths. Theory and experiment agreed well (not shown) and 
indicated that the gas signal amplitude decreases drastically at buffer lengths smaller than Y% λ. 
Resonance frequency and quality factor, both for window and gas signal, are not much affected 
by variation of the length. 
3.3 Tunable air columns at windows 
A good choice of buffer dimensions results in a weak acoustic coupling between the windows 
and the resonator and yields a low window background signal as shown in section 2.2. 
Operating the PA cell in an intracavity arrangement can still result in a significant window 
absorption signal due to the high laser power. Further reduction of window signal background 
is achieved by positioning tunable air columns close to the windows (fig. 2.3). The extracavity 
results are obtained employing a 0 6 χ 100 resonator and one blackened window, as described 
above. The calculations and experiments are obtained for two different buffer radii (rbu¡ = 10 
and 20 mm). The results are scaled to the theoretical calculation. A PA cell (rbuf = 20 mm) was 
positioned intracavity (120 W) to determine (i) the absolute window signal amplitude and (ii) 
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actual suppression of signal amplitude due to laser absorption by transparent Brewster 
windows. To ensure ourselves that no signal was produced due to absorption of the resonator 
wall the PA cell was equipped with a 0 8 χ 100 mm brass resonator coated with a polished 
gold surface. 
In the transmission line model the window pipes are split into two parts to connect a 
small piece of transmission line representing the tunable air column as described in section 1.4 
with length ltac and radius rtac. Coupling of the air columns to the transmission line is achieved 
according to eqs. (22) and (23). The radius of these tubes is chosen to equal the radius of the 
window pipes. Calculations showed, however, that the size of the radius is not critical. Since 
the window pipes are split the total number of subcells in the transmission line adds up to 7. 
For the calculations only one column was tuned in length. At the window of the other column 
no window signal absorption was introduced. 
The amplitude and phase of the calculations and the experimental results are presented in 
fig. 2.7 (/*,,ƒ = 10 mm) and fig. 2.8 {rhuf = 20 mm). The signal amplitude of the extracavity 
results obtained with the blackened window are scaled to theory and show good agreement 
with theory. The phase agrees to without any scaling. A steep (and deep) minimum in the 
window signal amplitude is observed at a length of approximately 50 mm which corresponds to 
Χ λ. At rhUf = 10 mm (fig. 2.7) the window signal at a column length of 0 mm (the original 
situation) is 4 times higher due to the twice smaller buffer radius as compared to гь
и
/ = 20 mm 
(fig. 2.8) (see also section 2.2a). A comparison of the signal at 0 mm column length and the 
minimal signal amplitude at approximately % λ shows the effect of these columns. At Гь
и
( = 20 
mm experimentally by a reduction of factor 20 and theoretically by a factor of 30 is achieved. 
At rbuf = 10 mm experimentally as well as theoretically a suppression by a factor 50 is achieved. 
The position of the minimum depends on the overall geometry of the cell. Calculations show 
that changing the position at which the tube is connected to the window pipe result in a 
different position of the minimum. Since the minimum is only a few millimeters broad the exact 
position can best be determined experimentally by tuning the length of the column. From 
calculations an approximate position and signal reduction can be determined. Note that 
experiments employing an oscillator with a loudspeaker with and without the windows were 
performed. Sound at resonance frequency enters the cell at the (former) position of the 
windows and is suppressed by an order of magnitude. Even for windowless cell design tunable 
air columns seem to be a promising possibility to reduce noise8. 
The results of an intracavity experiment employing a 0 8 χ 100 mm resonator and 
transparent Brewster windows are shown in fig. 2.8. One of the columns was tuned while the 
other was kept at a fixed length yielding minimum window signal. To determine the 
contribution of the window with the tuned column the signal amplitude shown was corrected 
for the (small) contribution of the window with the fixed column. Interchanging the function of 
both columns resulted in a maximum signal amplitude half of the one shown in fig. 2.8. 
Therefore a direct comparison between the absolute signal intensity and the theoretical curve 
results in an agreement within approximately a factor 2. The minimum is less pronounced as 
predicted by theory. This is probably due to small amounts of trace gas present in the carrier 
flow. A decrease in window signal amplitude by a factor 8 is obtained. 
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The suppression in window signal can be explained along the same lines as described in section 
2.2. for changing the buffer length; after the wave is reflected and has travelled a distance У
г
 λ 
it returns to its origin 180° out of phase with the newly introduced wave. Since the reflected 
wave has lost some energy at the wall of the air column no perfect destructive interference is 
accomplished. Simulation of an ideal case in which no losses at the wall of the tunable air 
column occur resulted in perfect extinction of the wave emerging from the windows at the 
position of the microphone. An improvement in destructive interference is achieved by 
choosing a larger radius tunable air column. This results in a deeper and steeper minimum. 
A homogeneous change of temperature or a change in flowing gas (air in stead of 
nitrogen) in the whole cell results in a different speed of sound and therefore in a change of 
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resonance frequency. This, however, does not affect the position of the minimum window 
signal amplitude. The position depends directly on the wavelength of the sound which depends 
on the shape of the cell and not on the velocity of sound. 
3.4 Coupling of a 1 inch condenser microphone 
In this experiment a resonator of 0 4 χ 100 mm was employed. The dimensions of the buffers 
are given by l¡,uf = 50 mm and r^ = 20. The acoustic coupling of the resonator tube to the 
cylindrically shaped volume (rv = 11.5 mm) in front of the membrane of the microphone was 
realized through a drilled hole (/-,< = 1.45 mm, Id = 0.7 mm, see fig. 2.A.1). The height of the air 
volume in front of the membrane (hv) could be adjusted by pulling the microphone away from 
the resonator. The influence of the volume height on the acoustic behaviour of the cell was 
studied. Without the microphone, i.e. in the case of a simple resonator with buffers, the value 
of the resonance frequency was calculated as 1748 Hz; the quality factor Q equalled 25.8 and 
the cell constant F amounted to 9497 Pa cm/W. 
To include the microphone into the corrected transmission line model we started from 
the model as described in section 1 consisting of 5 subcells. The resonator was split to attach 
the impedance of the microphone according to eq. (23). The number of subcells became 6. In 
appendix A from fig. 2.A2 the full expression for the input impedance of the B&K 4179 
microphone with the hole in front of the membrane is derived. In fig. 2.9 the experimental 
results upon changing the height of the volume in front of the membrane are shown. To 
demonstrate the advantage of incorporating the fully developed model into the theoretical 
representation of the cell, one theoretical curve in fig. 2.9 (volume + membrane) represents the 
input impedance of the microphone (see fig. 2.A1) leaving out eq. (A8). Therefore this curve 
includes the influence of the membrane and the volume in front of the membrane but the 
resistance R,¡ and the induction term Lj introduced by the gas flux in the connecting hole 
between the resonator and the volume in front of the membrane were neglected. These results 
already show a drastic improvement, compared to the values when neglecting any acoustic 
influence of the microphone given above. 
In the second curve the full expression, as illustrated in fig. 2.A2, was implemented in the 
model. The theoretical curve showed better agreement with the experimental results. 
Additional losses should still be taken into account to explain the difference in quality factor. 
After correction of the cell constant for the quality factor (eq. 26) still no full correspondence 
was observed between theory and experiment. 
The sensitivity of the B&K 4179 microphone is superior to that of the Knowless 
microphone; a satisfactory description was found for the features it introduces in acoustic 
behaviour of the PA cell. Nonetheless this microphone was not employed in the rest of the 
experiments. The combination of an extremely sensitive microphone and insufficient acoustical 
shielding of the laboratory noise deteriorated the S/N ratio of this PA cell. This disappointment 
resulted in an improved cell design presented in chapter 4 (and to minor extend in chapter 3), 
were a stiff and heavy cell construction was used. The cell was mounted on vibration dampers 
and surrounded by a box shielding the laboratory noise. 
The resonator diameter of 4 mm proved to be too small for the intracavity set-up; a high 
and unstable background signal was observed probably arising from the absorption of the 
wings of the gaussian laser beam at the resonator wall. 
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3.5 Trace gas inlet 
When the trace gas enters at one of the buffers3, going through the resonator and leaving the 
cell via the other buffer a significant loss in time response results as compared to the case when 
the trace gas enters directly at the centre of the resonator. Since the gas absorption signal of 
the longitudinal resonant cell is produced mainly in the resonator one can significantly increase 
the response time of the detector. 
The trace gas entrance is positioned directly opposite of the microphone inside the 
resonator; one could expect a significant increase in flow noise and acoustic noise. Flow noise 
is observed above 101/hour. This limits the maximum speed of the detector. The acoustic noise 
arriving from outside through the flow system has effectively been suppressed by two Χ λ 
tubes in line with the trace gas flow as shown in fig. 2.3. These % λ tubes (of 50 mm length) 
have alternating a large (6.4 mm) and a small (0.8 mm) diameter forming an acoustic notch 
filter at the resonance frequency of the resonator. In our case one damping unit sufficed to 
decrease the acoustic noise coming through the flow system. In general the number and size of 
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these dampers depends on the noise level at the entrance of the trace gas tube. Note that 
increased damper radii slow down the time response of the trace gas detector. 
When the trace gas inlet tube diameter at the resonator is large, also acoustical losses of 
the gas absorption signal are introduced. To avoid this we employed a tube diameter of 0.8 
mm. No decrease in gas absorption amplitude was observed as compared to the case when no 
tube was connected to the resonator. 
To test the time response of the detector 0.1 ml with 1.2 ppmv of ethylene was injected 
into a constant flow of nitrogen. At a flow of 6 I/h and no Χ λ tubes in line with the trace gas 
flow the response time of the detector was 1.2 seconds. The response time is defined as the 
half width full maximum of the peak resulting from an injection. At the same flow and with one 
Χ λ notch filter the response time increased to 2 seconds. 
The noise at the entrance of the trace gas tube is suppressed by each subsequent notch 
filter by the ratio of the cross-sectional areas of the tubes. In correspondence with theory in 
our case a suppression of factor 60 is found for the filter applied. 
3.6 Non-resonant cell 
A non resonant cell was been constructed with a diameter of 6 mm and a length of 100 mm 
closed at the ends by ZnSe windows under Brewster angle. At low chopping frequencies both 
the gas signal amplitude and window signal amplitude are large. The ratio of gas signal (exp. 
and theory) over window signal (theory), however, increases going to higher chopping 
frequencies, as can be seen from fig. 2.10. A high chopping frequency seems, therefore, to be 
favourable. On the other hand the gas absorption signal then becomes so low that noise coming 
from outside the cell or the microphone noise level (Knowless) limits the sensitivity of the cell. 
Below 100 Hz the experimental results show a discrepancy with theory, for the cell constant F. 
A calibration curve for the microphone was supplied only for frequencies above 100 Hz. 
Probably extrapolation from the calibration curve of the microphone below 100 Hz produced 
errors. 
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3.7 Limitations of developed model in predicting experimental results 
Below we present two experiments where theory predicted how to a improve cell design but 
the experimental results did not confirm this. The examples give an idea of the limitations of 
the theoretical model. 
The first example is by extending one of the window pipes to half a wavelength. The 
other window pipe was kept short. In this case the acoustic distances for the window signals 
differ by exactly half a wavelength from each other at the position of the microphone. The 
acoustic waves are 180° out of phase and give destructive interference. In the theoretical 
description of this cell the amplitude of the gas signal coincided well with the experimental 
results (see fig. 2.11). By scanning the chopping frequency even some additional resonances 
(due to the У
г
 λ pipe) showed correspondence in theory and experiment. The model predicted 
zero window signal at the resonance frequency of the cell whereas the experimental results 
showed almost no decrease in window signal amplitude (see fig. 2.12). Two reasons can be 
found for this discrepancy. First, the acoustic pathways for the two window signals are 
different and since we have seen that the acoustical behaviour can be predicted within some 20 
to 30% we should not expect that both signals will arrive 180° out of phase with the same 
amplitude at the position of the microphone. The second reason is that the two windows need 
not to produce the same acoustical signal since a small window contamination will change the 
amplitudes and therefore disturb the balance. 
As another example two resonators were put parallel to each other at a distance of 10 
mm. Through one all signals including the gas absorption signal from the laser were monitored. 
The other yields only the window signals and the background noise. By subtracting both 
signals the pure PA gas signal is measured without background signal from the windows or lab 
noise. In practice we did obtain some promising results. One problem, however, was that the 
resonance frequencies of both resonators needed to be tuned. Although we succeeded in this it 
appeared to be a troublesome task since by shortening one resonator the resonance frequency 
of the other was affected as well. It appeared to be impossible to obtain the same quality factor 
and cell constant for both resonators. The resonators reacted differently on a small shift in 
resonance frequency and the signal subtraction did not work properly. By introducing an 
electronic phase shifting and amplitude attenuator device the window signals could be put 180 
0
 out of phase with respect to each other. However, by optimizing the whole elaborate setup 
the background noise from the lab was not perfectly suppressed anymore. Furthermore, we 
observed a relatively large incoupling of gas absorption signal to the dummy resonator due to 
acoustic coupling, (typically 20%), thereby loosing differential signal amplitude. 
4 Optimal detector design, a recipe 
The transmission line model only describes acoustical plane waves parallel to the axes of the 
different parts of the cell. Comparing the calculations with the experimental results for both 
theoretical models (corrected and standard) result in a good prediction of the cell constant. 
The frequency response of the PA cell is predicted much better by the corrected (deviation 
1%) than by the normal transmission line model (8%). The prediction of the quality factor 
shows a deviation of 25%. No improvement for β was obtained with the corrected 
transmission line model. Eq. (18) gives reasonable values (within factor 2) for the PA signal 
generation due to window absorption for our purposes. 
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Many approaches have been treated in section 3 to optimize a PA cell. In this section we will 
summarize the results and discuss the parameters to construct a small, fast and sensitive 
resonant PA cell. From the computer program some simple formulas for designing a PA cell 
can be deduced. In addition some of the background and noise sources treated are listed in 
table 2.3. 
4.1 Non-resonant cell 
First we consider the non-resonant cell. Without resonance the pressure amplitude is 
independent of the position in the cell. A simple formula describing the cell constant can 
therefore be deduced directly from eq. (11) without the quality factor. 
F =• 
пгеч 
ων 
(26) 
where l^
es
 and V
nres
 are, respectively, the gas absorption length and the volume of the non 
resonant cell. G is a geometrical factor of the order 1. 
The dependence of the window signal amplitude on cell volume and chopping frequency 
can be deduced combining eq. (18) and (26) 
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ρ = ω ^
2
ν "' (27) 
From eqs. (26) and (27) we can see that at the cost of signal amplitude the ratio between gas 
absorption and window absorption signal improves at higher chopping frequencies. 
An advantage of the non-resonant cell over the resonant cell is the simplicity of design 
and operation. Optimizing the cell can be accomplished by judicious choices of length and 
radius. Decreasing the radius enhances both gas and window signal amplitude by a factor 
llr„
ns
. Although F
nres
 improves for low frequencies, electronic noise (1/f) shows the same 
frequency dependence as the cell constant. This and the increasing contribution of window 
signal limit the sensitivity of the non-resonant cell at low frequencies. Increasing the chopping 
frequency, however, yields the disadvantage of a low signal amplitude. The window signal 
amplitude is proportional to M„
res
. The ratio of gas signal amplitude over the window signal is 
improved by increasing the length of the absorption path. 
4.2 Longitudinal resonant cell 
For the resonant cell we can not simply deduce leading formulae for the design from the 
expressions from section 2. Matrix calculations are needed to describe the acoustical behaviour 
of the cell. By changing the radii and lengths of the buffers and resonator we can deduce some 
simple approximate formulas. In these formulas the tunable column at the window is not 
considered. The gas absorption signal is hardly influenced; the window absorption signal being 
additionally suppressed by these columns. As can be understood from section 3.2.1 we will 
only consider the case when the length of the buffer is optimal for window signal suppression, 
i.e. hu/ = Vi l„
s
. Since the model is one-dimensional its applicability is restricted to the case that 
¡m » fra- Keeping these conditions in mind it follows for the pressure amplitude pg (see fig. 
2.13 a) 
P.-lfb-lrJrj] (28) 
res 
For the window signal pw we find (see fig. 2.13 d) 
/ > „ ~ - 7 = ^ T (29) 
•v'«»rw 
Note that for rbu/ -> °° the gas absorption signal shows the same dependence on /rei and rm as 
the open cell resonator of eq. (11). The ratio between the gas absorption signal and the 
window signal becomes approximately 
Pw 
(rt * 
L· (30) 
These formulas should be considered for the following practical considerations. 
A small radius for the resonator of the resonant cell is advantageous since an optimal gas 
absorption signal is achieved. The limit for the radius of the resonator is mainly determined by 
the dimension of the laser beam. In the case of a gaussian beam profile the resonator radius 
should roughly be 3 times the waist to reduce wall absorption to an acceptable level. During 
long term trace gas measurements the grating of the laser is switched between different 
positions. In a simple matrix calculation the gas absorption signal and the background signal 
can be determined (see also chapter 4). A small deviation of the position of the laser beam 
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between subsequent measurements might cause an irreproducible (wall) absorption signal. In 
this way the background signal becomes unstable resulting in a increased noise level for the 
trace gases. Especially in an intracavity arrangement one should be careful not to choose a 
radius too small. The advantage of high laser power is lost due to a large and unstable 
background signal. 
The length of the resonator determines the resonance frequency. If the sensitivity of the 
detector would be limited by fundamental noise sources a resonance frequency around 1 kHz 
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06 x 100 mm, /*,„ƒ = 50 mm), a, Cell constant F; b, Quality factor Q; c. Resonance 
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Source of trouble 
Window absorption signal 
-AR window reflection 
-Absorption of radiation at resonator wall 
-Brownian noise 
-Chopper noise 
Laser power instability 
-Gas sample flow noise 
-Laboratory noise 
Solution 
-Tunable columns at windows 
-Length buffers }% λ 
-large radius buffer volumes (>3 r
re
,) 
Employing Brewster windows 
-Larger radius of resonator 
-Resonator material with high conduction and 
reflection properties (eg polished gold coated 
copper) 
-Thermoacoustic amplification of PA signal 
(ТАРА) cell (see chapter 5) 
-Stabilized chopper control 
-High precision chopper blades 
-Low Q cell value (with high cell constant) 
-Proper laser alignment 
-Stable laser gas flow 
-Stable temperature conditions 
-Limiting trace gas flow <101/hr 
-Heavy mass cell construction 
-Acoustic shielding 
-Tunable columns at windows 
Table 2.3. Design considerations. 
would be optimal Below 1 kHz the 1/f amplifier noise is the mam source. Above 1 kHz the 
frequency independent Brownian noise takes over. Since the pressure amplitude is inversely 
proportional to the square root of the resonance frequency (from f
res
 = l/l
ra
 and eq 28) a 
preferable resonance frequency is found between 500 and 1500 Hz This limits the choice (in 
the case of air or nitrogen) to a length of 100 + 300 mm. If the only argument would be 
optimal signal enhancement the choice for a large (300 mm) resonator is advantageous, 
amplification of the PA signal is proportional to -Jì~. Practical circumstances might however 
dictate the choice for a shorter resonator. For example in the case of an intracavity setup the 
space inside the cavity is limited Also if a fast time response is wanted (as in our case) a short 
cell is preferred at the pnce of a lower gas signal amplitude 
From fig. 2 6 it can be seen that the optimal buffer length is Χ λ In that case optimal 
window signal suppression is achieved Choosing a buffer length of Χ λ has the advantage of a 
shorter cell and, although not optimal, a good suppression of window signal is still possible. 
For optimal operation the radu of the buffers гь
и
/ should be large, if no problems 
concerning buffer volume or overall size have to be considered. A practical radius can be 
deduced from figs. 2.4 and 2 5 (rhuf = 3 гта). Above this value gas absorption amplitude is 
barely influenced. 
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Especially in an intracavity setup the window signal contribution can be limiting for the 
sensitivity of the detector. One might choose to put tunable columns at the windows as an 
alternative for large buffer radii. Since the exact optimal length of these columns depends on 
the total geometry of the cell it is advisable to optimize the length when the cell is operated in 
the setup. By tuning the window columns they can additionally serve to distinguish between 
different background sources of the ΡΑ-cell. When other sources of background signal (e.g. 
small amounts of trace gas or resonator wall absorption) are observed they do not allow a 
signal dip for /Mc = % λ. Tuning the column with transparent windows we observed a more 
shallow minimum (see fig. 2.8). By employing a contaminated window (at the inside of the 
cell) the column length for minimum window signal amplitude will be found. 
Our choice for Brewster in stead of Anti-Reflection (AR) coated windows was based 
upon the experience that AR windows, in a plane perpendicular to the direction of the laser 
beam, reflect some radiation. In intracavity operation this back-reflection resulted into 
instability of the laser. The background signal monitored by the sensitive detector was 
correspondingly unstable. Introduction of a small angle for the AR windows solved the 
problem of instability; however, the background signal increased due to reflection of laser 
radiation into the buffers or the resonator. Note that the transmission (and reflection) 
properties of AR are strongly frequency dependent. The application of AR windows, in 
contrast to Brewster windows, is therefore restricted to a limited laser frequency domain. 
The choice of the microphone depends on the noise arriving from outside at the 
resonator. This noise can be reduced by choosing for a firm and heavy ΡΑ-cell, employing 
materials like stainless steel in stead of aluminium. In our case it had no use to operate the 
sensitive and expensive B&K 4179 microphone since the noise arriving from the lab (50 
\HY&I4HZ) was even larger than the pressure equivalent of the electrical noise of a Knowless 
electret microphone (2 цРа/ йг ). The aluminium cell was too light of weight to allow for a 
more efficient noise suppression. 
If one applies a sensitive condenser microphone, the space in front of the membrane 
should at least be 1 mm deep to avoid loss of signal (see fig. 2.9). The radius of the connection 
to the resonator should be larger than 1.5 mm while the length should be short (< 5 mm) 
(calculations not shown). In our experiment the performance of the cell was heavily influenced 
by the installation of the condenser microphone resulting in a downward shift in the resonance 
frequency by 500 Hz (fig. 2.9 c). For resonators of larger volume this influence is less 
pronounced; e.g. the downward shift in case of a 015 χ 150 mm resonator was found to be 
about only 60 Hz (see chapter 3). 
Admitting the flow at the centre of the resonator has the advantage of a fast time 
response. Care should be taken with the diameter of the inlet tube. In our case a tube with a 
radius of 0.4 mm caused no decrease of the signal amplitude. Depending on the actual situation 
one can position several % λ notch filters in line to minimize noise coming with the trace gas 
flow. In our case one filter section was sufficient. Implementing such a damper increases the 
response time of the detector somewhat due to mixing at the interface of the small and large 
tube cross-sections. 
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5 Ethylene release from cherry tomatoes 
5.1 Introduction 
Ethylene and its role in ripening processes has found substantial attention in the past. Since it 
acts as a hormone, already low concentrations can induce changes in plants2. Especially its role 
during ripening of (climacteric) fruit has been the subject of many studies because of its 
commercially interesting consequences. However, depending on the tissue it acts on, it can also 
induce growth (Rumex17), seed germination (Striga18 and pea") and abscission and 
senescence (flowers20 ). Note that all the above mentioned examples have led to research with a 
PA setup. The role of ethylene in the ripening process of cherry tomatoes has additionally been 
studied in situ by employing the closely related technique of photodeflection (PD)2 1. 
The biosynthetic pathway of ethylene has been fully elucidated since the discovery of 1-
aminocyclopropane-1-carboxylic acid (ACC) as the immediate precursor of ethylene22. The 
biosynthesis of ethylene starts with L-methionine. Energized by ATP it is catalyzed by Mg(II) 
and converted to S-Adenosylmethionine (SAM). SAM is converted into ACC by the enzyme 
ACC synthase. The last step to ethylene involves the ethylene forming enzyme (EFE). Since 
oxygen is required for this last step the enzyme EFE is also called ACC-oxydase. 
In the ripening process of cherry tomatoes the role of ethylene has extensively been 
studied. It was found that the stem scar was the main channel for gas exchange23,24. The stem 
scar of the tomato is the spot where the removed coronet had been connected to the plant (see 
fig. 2.14). 
Here we concentrate on the last step in the biosynthesis of ethylene. Our interest 
concerns the delay (at the time scale of seconds) whit which ethylene is again released after a 
period of anoxia. Two directions have been followed to clarify this. The first was to change the 
conditions at the stem scar by switching between aerobic and anoxic conditions. The second 
was to seal the stem scar for some time whereafter a sudden disrupture of the seal re-admits 
oxygen. In both ways anoxic conditions created inside the tomato inhibit the last step in the 
biosynthesis of ethylene. In the case of the sealed tomato some ethylene could be stored, while 
during the anoxic conditions induced by a carrier gas flow of N2 over the stem scar, ethylene 
leaves the tomato by diffusion through diffusion through the open stem scar. 
5.2 Material and methods 
Our experiments were performed on intact detached cherry tomatoes (Lycopersicon 
esculentum Cherry) in a mature red stage of their development. Weight was approximately 12 
Fig. 2.14: Schematic presentation of a cherry 
tomato. 
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Fìg. 2.15: PA intracavity CO2 laser arrangement with a scheme of the gasflow for performing 
the measurements on the cherry tomatoes. 
1, N2 inlet; 2, 02 inlet; 3, Switching valve; 4, Cuvette; 5, Insert to press tomato down; 6; 
Tomato; 7, Pressed foam; 8, KOH scrubber; 9, Cooling trap. 
I, Situation for switching air to N2 and vice versa 
Π, Sealing experiments; 10, Parafilm; 11, o-ring; 12, Needle to disrupt seal. 
13, End mirror; 14, photoacoustic cell;\S, Intracavity lens (f = 250 mm);16, CO2 laser; 17, 
Chopper; 18, Grating. 
g with a diameter of 28 mm. The coronet was removed prior to the measurement. Single 
tomatoes were positioned inside a specially designed cuvette. The pericarp was kept under 
anaerobic conditions. For the two types of measurements on the stem scar, switching the 
carrier flow and sealing, the experimental setup was slightly changed (see fig. 2.15). 
The flow through the PA cell (resonator 0 6 x 100 mm, buffers 040 χ 100 mm, window 
columns attached) was maintained at 5.8 1/h. When switching the conditions from air (a 
mixture of 80% 0 2 and 20% N2) to N2 or vice versa O2 was added just before or just after the 
cuvette into a constant flow of N2. During a period of approx. 2 s Just after the switch a 
double 0 2 or pure N 2 concentration was flown into the ΡΑ-cell. This resulted in a change in 
the PA signal amplitude. After this short dip (2 seconds) the resonance frequency of the PA 
cell was not affected anymore by the switching since the trace gases were always monitored 
within the same carrier gas (80% N2 and 20% O2). 
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Fig. 2.16: Ethylene release from a mature red 
Cherry tomato after disruption of the parafilm. 
A experimental data. 
fit with mono-decay (eq 31) 
XD = 0.077 ±0.012. 
In the case of sealing with parafilm an o-ring was positioned around the stem scar. In this way 
the distance between the parafilm and the stem scar was large enough. A needle could disrupt 
the parafilm without damaging the tissue of the tomato. 
Teflon tubing (00.8 mm χ 1 m) was employed to lead the trace gas to the PA cell. Dead 
space in the flow system after the tomato was kept as small as possible to profit from an 
increased response time of the PA detector. Between the tomato and the detector a C0 2 
scrubber (KOH, in a tube of internal dimensions: 0 8 χ 30 mm) and a cooling trap (05 χ 60 
mm) were positioned, the latter to remove water vapour and ethanol. The PA cell was placed 
inside the cavity of a C0 2 laser to profit from the order of magnitude increase of power
3
. 
Behind the PA detector the exits of the buffers were joined and led to an electronic mass flow 
monitor. Leaks in the system were immediately observed by a decrease in carrier flow rate. 
Most measurements were performed at one laser line (10P14, effective intracavity 
absorption coefficient of C2H4; 23.7 atm ' cm"1)3 .The signal from the lock-in and from the 
power meter were simultaneously recorded with a chart recorder. The data were implemented 
in a computer program for data analysis. To assure ourselves ethylene was the gas involved 
during periods of slowly changing release occasionally the PA signal at a reference line 
(10P12) was monitored (see fig. 2.19b). The fast changes were taken as proof that the PA 
setup was able to follow processes with a response time of a few seconds. 
5.3 Results 
Experiments have been performed on the ethylene release of single cherry tomatoes. Different 
tomatoes were observed to yield significant differences in absolute signal intensities. In the 
analysis of the obtained data we will therefore focus our attention to the time dependence of 
ethylene release. 
In fig. 2.16 a measurement is presented on a fruit which came from a cooled storage (4 
°C). One hour after the removal from the storage the coronet was taken off. 5 minutes later 
and one hour and 50 minutes before the start of the measurement (t=0.000 h)the stem scar of 
the tomato was sealed by parafilm. Immediately after the start (t=0.002 h = 7 s) the parafilm 
was punctured by a needle. Care was taken not to touch the stem scar. An initially high level of 
ethylene was observed with a fast decay within 3 seconds. It was followed by an exponential 
decay to a stationary release rate of 1.2 nmol/h. The decay between 0.02 and 0.08 h allowed 
fitting to an exponential function given by 
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Fig. 2.17: Ethylene release from a mature red Cherry tomato. At A anoxic conditions are 
imposed at the stem scar (only N2 flow). At В aerobic conditions are reinstalled (airflow). 
л experimental data. 
— fit with mono-decay (eq 31, A - B, xD= 0.047 ± 0.002 h) or mono-rise (eq 32, B-end, τ« 
= 0.16 + 0.03 h, xD= 2.2 ± 0.06
h) 
fit with bi-decay (eq 33, A- B) or bi-rise (eq 34, B-end, XD= 1.4 ± 0.2 h). See for other 
parameters table 2.4 
S = Y0 + A0-e-
(
'-'
a)h
° (31) 
with xD indicative for the decay of ethylene release, t0 the time of puncturing the seal and Y0 the 
sum of the zero offset signal of the detector and a constant ethylene release. Ao is determined 
e.g. by the condition of the tomato, the amount of stored C2H4 and C2H4 produced from ACC 
stored. A value for TD=0.077 ± 0.012 " was found. 
In fig. 2.17 ethylene release is shown from a fruit which had been taken from a cooled 
storage just before the measurement. After an aerobic period the stem scar of the tomato was 
kept under anoxic flow conditions starting at 0.81h (A). At 0.98 h (B) the anoxic conditions at 
the stem scar were changed back to aerobic. Immediately an increase of signal was observed, 
due to ethylene emission. 
In fig. 2.18 ethylene release is shown from a cherry tomato of which the coronet had 
been removed 24 hours in advance to the start of the measurements while aerobic conditions 
were maintained. Shortly after the start of the measurements the stem scar of the tomato was 
exposed to anoxic conditions (A at 0.08 h). Immediately the ethylene release decayed. At В 
aerobic conditions were reinstalled, immediately followed by a sharp increase of ethylene 
release. Although less pronounced as in fig. 2.17 the initial rise in ethylene weakened at 2.08 h 
when a second slower rise in ethylene release took over. A maximum release rate of (0.65 
nmol/h) was reached at 0.45 h after B. After this a slow decay occurred. 
For fig. 2.17 and 2.18 the same analysis was performed. The decay between A and В 
suggests that a bi-exponential decay could result in a slightly better fit. We therefore fitted the 
data both to eq. (31) and to 
-(i-«o)/*i -(<-'o)Ai S = Y0 + A, · еГ'-'
0
"*"
1
 + А
г
 •
 е
-»'-'°"
т
"" (32) 
After В a fast rise is observed followed by a slow decay. The release pattern can be fitted to an 
exponential function according to 
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Ftg. 2.18: Ethylene release from a mature red Cherry tomato. At A anoxic conditions are 
imposed at the stem scar (only N2 flow). At В aerobic conditions are reinstalled (airflow). 
• experimental data. 
— fit with mono-decay (eq 31, A- B, xD= 0.254 ± 0.014 h) or mono-rise (eq 32, B-end, XR 
= 0.20 ±0.05\xD= 1.9 ±1.8"). 
fit with bi-decay (eq 33, A - B) or bi-rise (eq 34, B-end, XD= 1.9 ± 0.2 h). See for other 
parameters table 2.4. 
S = Y0 + -('-'o)A» \ _-('-'O)AD A0(l-e-{'-°)/*")- (33) 
with XR describing the rise and Xo the decay of ethylene release, to is the time of switching. 
Just before 1.12 h in fig. 2.17 ( 2.08 h in fig. 2.18) the initial rise in signal started to slow 
down. Another and somewhat slower process seemed to prevail. This change from fast to slow 
was observed during all three measurements (2 are shown) which involved changing anoxic for 
aerobic conditions by re-admission of the 0 2 flow. A function to fit these results could be the 
sum of two terms 
S = Y0 + A,(l-e-{'-°)/x" ) · e-(-'»)A- + A2(l-e-<'-°V<« ).e-('-'»)A" (34) 
where the subscripts 1 and 2 refer to the two release patterns. Our measurements did not allow 
to distinguish between the slow decay of both release patterns. Therefore, an overall decay rate 
xD was used with 
XD=TÍ)I = XD2 (35) 
We realize that eq. (35) has mainly a descriptive significance for the actual process. Release 
pattern 1 and 2 might be due to another source and/or pathway of ethylene inside the tomato. 
Two different sources and/or pathways could result in different values for x i^ and XD2·- Here 
we want mainly to focus attention to the fact that the fit was improved significantly assuming 
two different τ
Κ
] and X/a values for the release patterns. 
The result of the fitting procedures with only one xD (between Α-B) or τ« (B-end) using 
resp. eq. (31) and (33) and of a fit with two different values for xD (between Α-B) or хя (B-
end) using resp eq. (32) and (34) are presented for comparison along with the experimental 
data in fig. 2.17 and 2.18. Fitting parameters found using eq. (32) and (34) are also presented 
in table 2.4. 
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Fig. 2.19a: Ethylene release from a mature red Cherry tomato. 3 minutes prior to the start of 
the measurement the coronet was removed. At the start the stem scar was under aerobic 
conditions. Α-B and C-D; aerobic and anoxic periods of 1 minute were intermittently 
changed. B-C; anoxic; D-Ε; stem scar is sealed by parafilm. E; Disruption ofparafilm 
In fig. 2.19a the results of a 7.5 hours lasting measurement are presented. The coronet was 
removed 3 minutes prior to the start of the measurement (t = 0). A slow increase in ethylene 
emission is observed reaching a maximum (3.5 nmol/h) at 0.50h. The signal decays again to an 
approximately constant release of 2.3 nmol/h. First only once (3.35 h) and later several times 
from A (3.57 h) onwards, aerobic conditions were interchanged for anoxic during one minute. 
During the short anoxic periods ethylene levels decayed while an increase was observed under 
re-established aerobic conditions. After about 6 periods the signal levelled off towards an 
average release of 1.4 nmol/h. Between В (3.87 h) and С (4.45 h) the conditions were kept 
anoxic. Switching between anoxic and aerobic periods was reinitiated at С Immediately after 
re-installing aerobic conditions ethylene release was observed (see fig. 2.19b). No indication 
for delayed action was found. The "saw-tooth" response visualizes the fast ethylene increase 
and decrease after subsequent changing aerobic and anoxic conditions. Besides the "saw tooth" 
response between С and D (5.12 h) an average rise in ethylene release took place leading to a 
peak aerobic release value of 2.2 nmol/h 0.35 h after С At D the cherry tomato was 
temporarily taken out of the cuvette; the stem scar was sealed by parafilm leading to a low 0 2 
concentration inside. At E (6.15 h) the seal was punctured. The resulting peak had a full width 
half maximum value of 2.4 seconds which levelled off within three minutes. At 0.35 h after E a 
second (broad) maximum (3.35 nmol/h) was observed. Hereafter ethylene release dropped to a 
stationary value. 
5.4 Discussion 
After the change from anoxic to aerobic conditions 0 2 diffuses into the tomato where it puts 
ACC oxydase to synthesize ethylene from ACC. At the start the partial pressure of 0 2 inside 
the tomato rises due to diffusion. The storage capacity per unit volume of water for 0 2 and 
ethylene is 10 fold lower than that of air. Additionally, the transport rate of these gases in 
water is 4 orders of magnitude lower. To a large extent the produced ethylene will therefore 
instantaneously leave the tomato through the stem scar. The rate at which 0 2 flows in and 
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Fig. 19b: Expanded view of 
intermittent aerobic and 
anoxic periods of 1 minute. 
Switching between 10P12 and 
10P14 laser line is shown. 
C2H4 out are among other factors determined by the diffusion coefficient, the length of the 
pathway and the partial pressure difference along the pathway. Furthermore to produce 
ethylene 0 2 must reach ACC which is solved in water and then C2H» has to diffuse out again. 
In fig. 2.19a just after the start of the experiment the slow rise and fall in ethylene release 
is due to wounding induced ethylene since the coronet was taken off only 3 minutes prior to 
the measurement25. The first peak after E is due to ethylene in the volume between parafilm 
and stem scar revealing the time response of the system. Hereafter a broad peak probably due 
to the conversion of accumulated ACC is observed. 
Fig. 2.16 forms an exception to the usual picture since after the first fast peak no increase 
in ethylene release after disruption of the seal was observed (as in fig. 2.19a Ε-end). No 
indication for conversion of stored ACC was found for this tomato. Just after the initial peak 
however an exponential decrease in ethylene release was observed. This might be due to stored 
ethylene inside the tomato. After this decay the signal levelled off to steady signal. If the 
observed ethylene release was due to stored ethylene this would render us the possibility to 
determine the wash out rate of stored ethylene i.e. 0.077 ±0.012 \ 
In fig. 2.17, 2.18 and 2.19a a change from anoxic to aerobic conditions causes a fast rise 
in ethylene release followed by a maximum at 0.40 ±0.05 h and a gradual decrease after the 
change. Experiments performed on mature orange tomatoes, instead on red samples as 
performed here, showed a similar pattern21. The first peak was attributed to conversion of 
ACC accumulated near the calix and in the bulk during the preceding anoxic period. 
Changing aerobic and anoxic for short periods of one minute (Α-B in fig. 2.19a) after a 
long aerobic condition resulted in less pronounced peaks than after an anoxic period during (C-
D). Additionally, during the period between С and D a gradual decrease in the amplitude of the 
periodic signal was observed. This indicates that for the fast rise pattern some storage capacity 
was used which was filled up by ACC during longer anoxic intervals; some of these storage 
sites are readily accessible (time scale of seconds) to the entering oxygen; 
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0.89 ±0.10 
0.67 ±0.07 
0.083 ±0.06 
0.024 ±0.02 
Figure 
17 
(A-B) 
17 
(B-end) 
18 
(A-B) 
18 
(B-end) 
Preceding 
period 
32 
Aerobic 
34 
Anoxic 
32 
Aerobic 
34 
anoxic 
Aly Αι 
nmol/h 
1.3217 
1.695 
1.30 ±0.06 
3.7 ±0.6 
0.20 ±0.01 
0.192 ±0.007 
0.13 ±0.02 
0.77 ±0.03 
τχι, 
h 
0.019 
± 
0.003 
0.012 
± 
0.001 
0.097 
± 
0.007 
0.018 
+ 
0 006 
tx2 
h 
0.10 
± 
0.02 
0.42 
± 
0.08 
0.71 
± 
0.09 
0.26 
± 
0.03 
observation times 
X=R(lse)J)(ecay) 
decay for 0.2h 
X=D 
rise for 1 h 
X=R 
decay for 1.75 h 
X=D 
rise for 1.5 h 
X=R 
Table 2.4: Results of fits applied to the experimental data from figs. 2.17 and 2.18 
according to the eqs. (32) and (34). X denotes either D(ecay) or R(ise). 
The improved time response of the detector allowed us to reveal the release pattern just after 
the change of aerobic to anoxic and vice versa. Fitting with two exponential functions (eq. 34 
or 32) instead of one (eq. 33 or 31) yielded a better agreement with the measured data. A 
combined release due to a first fast rise xR¡ (or decay xDi) and a somewhat slower second 
increase Хц2 (or decrease Xoi) yielded better fits. A third measurement (not shown) resulted in 
comparable times for the rise pattern (xR, = 0.005 ± 0.001 \ xR2 = 0.17 ± 0.02 h). 
The results collected in table 2.4 allow some cautious conclusions. The decay of the 
ethylene release after switching to anoxic condition as well as the rise of its concentration after 
re-admission of air occur in a complex way; there is a fast start where changes are observed 
within one minute or even less. In the table this behaviour is reflected by the entry τχι = 0.012 
+ 0.019 h , (with X either represents R or D) with one exception 0.097 h for the decay of fig. 
2.18. The fast start is followed by a slower release, x
x2 = 0.26 + 0.71
 h
 , again with one 
exception, 0.10h for the decay of fig. 2.17. This last exception might be partially caused by our 
short observation time of 0.2 h that leads to an inadequate description of the long time 
behaviour. These numbers have to be considered in the light of the time х^ц it takes a light 
molecule like O2 or C2H4 to diffuse in water over distances of 1 mm (10 mm) i.e. 6 min. (10 h). 
Consequently, the observed xdlff behaviour could stem from diffusion limited processes like the 
diffusion of ethylene from the bulk of the cherry tomato to the exit of the calix or like the 
diffusion of oxygen from the stem scar site to the exterior parts of the tomato. The fast 
processes described by Τι and x2 are concerned with about an equal proportion of the ethylene 
production as testified by the ratio A1/A2 = 1. It could be that the two contributions - the fast 
and the slow one - reflect "surface-ACC" and "bulk-ACC" both accessible to oxygen at 
different time scales; however, for the time being it seems better not to speculate further on the 
origin of this observed behaviour. 
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Appendix: Input impedance of condenser microphone 
Here we describe the couplings of small volumes because coupling between a large condenser 
microphone and a volume in front of the membrane to the resonator through a small duct 
results in strongly changed acoustic behaviour (see fig. 2.A1) 
To calculate the electrical analogue for a volume connected through a small duct to the 
resonator, we assume that the linear dimensions of the volume are smaller than the acoustic 
wavelength. In that case there will be the same pressure over all the volume and the related 
flow (и) will be small. The volume then acts as a capacity. This approximation yields the 
Helmholtz resonator theory'. Due to heat conduction, losses are introduced. Referring to eq. 
(9) we can write. 
(T-1)»V.
 ( A 1 ) 
2p с 
with Sv the inner surface area of the coupled volume (see fig. 2.A1). If the geometry of the 
volume deviates strongly from the shape of a sphere, viscous losses must be taken into 
account. The approximation including these losses agrees better with the experimental results. 
The duct possesses a small length as compared with the acoustic wavelength and can be 
described with an inductance and resistance. 
I ЛЧЧЧЧЧЧЧЧЧЧЧЧЧЧ^ч\\Уч\/ 
y*: r d ..Aires. j. 
Fig. 2.A1: Flux distribution U in the cylinder volume in front of the microphone membrane 
connected to the resonator; r¿ and rv are the radii of the duct and the cylinder, respectively, Id 
is the length of the duct and hv the height of the cylinder. 
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Fig. 2.A2: Analogue electric scheme of the condenser microphone M, with cylinder volume in 
front of the microphone V and connecting duct d to the resonator. 
R,= 2S* 
(A2) 
with Sd the cross section, l¡¡ the length and Д/ the perimeter of the duct. In contrast to the 
coupled volume only viscous losses occur. The small capacity term of the duct is neglected. 
The small duct together with the volume act as a Helmholtz resonator with resonance 
frequency 
ö„=V1/^cv = lé Vol (A3) 
Unfortunately, the small volume in front of the microphone does not comply with the 
assumptions of an ideal Helmholtz resonator. The volume does not approximate a sphere; in 
fact it looks like a flat cylinder. In this case the viscous losses cannot be neglected. From the 
centre of the flat cylinder wall, where the coupling duct enters, a wave spreads out to the edge 
of the cylinder. A solution for the pressure distribution is given by10 
p(r,t)= A(j0(ßrr) + W0(ß rr))e- (A4) 
where Jo and No represent the zeroth order Bessel and Neumann function and ßr. Is given by 
(û/c. In the case when ßr.r is small this can be approximated by 
p(r,t)=Cln(Vrr)e,a (A5) 
The flux U(r) is a linearly decreasing function of r. (See fig. 2.A1) The boundary conditions for 
the gas flux are given by 
2nrhvuv(r)=0 for r=rv 
2nrhvuv( r ) = Sdud for r = rd (A6) 
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with uv (r) the velocity at radius τ in the flat cylinder and ud the velocity in the duct. The first 
equation takes the zero velocity at the outer diameter of the flat cylinder into account, the 
second describes the conservation of flux from the connecting duct into the flat cylinder. From 
the continuity equation in cylindrical co-ordinates follows 
W r , 2 - r 2 ) 
u
v
(r) = -
SvW-rj) r>rA (A7) 
with S
v
 =2nr
v
h
v
 the surface area of the cylinder at radius r, hv the height of the cylinder. 
Based on the kinetic energy considerations (eq. 4) and viscous losses (eq. 10) the 
induction and resistance of the cylinder become 
=^EÈn_=]s1puM =_p_ Р И % / ^ - ^ Г , У - Х Г ; ] 
^ " ( s A ) . (SA) 1 Γ _ 4 π / ν й ^ - ί ) ' 
ωΑ,ρ [г;(Цг /г„)-%) + г/г„2-Кг;] 
к=-
*Ь №-Ге) 
(А8) 
So far we have assumed that the walls of the flat cylinder are rigid. In the case of a microphone 
membrane at one side of the cylinder the pressure causes a motion of the membrane, which in 
tum compresses and expands the air layer between the membrane and the back plate of the 
(condenser) microphone. This is represented by (electrical) circuit elements. Movement of the 
membrane increases the kinetic energy and is therefore represented in an inductance LM (see 
also section 1.2). Compression of the air layer and membranes results in an increased potential 
energy represented by capacities С
л
 and CM, respectively. Viscous losses are represented by a 
resistance (Äw). These circuit elements are calculated for various types of condenser 
microphone26. For the specific condenser microphone B&K 4179 they are given by the 
manufacturer (see table 2.A1, CA and CM were combined to CM). These additional circuit 
elements for the membrane and the air layer must be added to the above calculated circuit 
elements (see eq. 2.A2 and 2.A8). The input impedance of the microphone with volume in 
front is depicted in fig. 2.A2. 
Resistance 
Mass 
Compliance 
RM 
LM 
CM 
1.25· 106 
77 
2.9· 1012 
N - s / m 5 
N s 2 / m s 
m 5 /N 
Table 2.A1: Impedance of B&K 4179 microphone 
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Intracavity CO-Laser photoacoustic trace gas detection; 
cyclic CH4> H20 and C02 emission by cockroaches. 
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Abstract 
A liquid nitrogen cooled CO-laser and a resonant photoacoustic cell in an intracavity position 
are employed to monitor trace gas concentrations on line. The setup is designed to monitor 
trace gas emissions of biological samples. Despite the large volume of the cell (1.5 liter) a 
response time of 15 seconds is achieved at a flowrate of 5 1/hour by positioning the trace gas 
inlet at the center of the resonator which has a volume of only 26 ml. The photoacoustic 
background signal from the ZnSe Brewster windows is effectively suppressed by buffer 
volumes. The arrangement offers the possibility to measure a variety of gases at (sub) ppbv 
level and to detect rapid changes in trace gas emission on a time scale of 15 seconds. A 
detection limit of 1 ppbv for CHt in N2 is achieved equivalent to a minimal detectable 
absorption of 3 x 10"9 cm"1. As a first application, measurements on the CH4, H2O and CO2 
production of individual cockroaches and scarab beetles are reported. CO2 measurements are 
performed simultaneously by means of an infrared gas analyser (URAS). 
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1 Introduction 
Atmospheric methane contributes significantly to the process of global warming and ozone 
depletion. Biogenic sources are responsible for the major part of the mondial CH4 flux 
(>70%). The contribution of each different source is still a question of debate1. Some 
arthropods i.e. cockroaches, millipedes, scarab beetles and termites, are believed to contribute 
up to 25% of the total budget2. Gas chromatography allows measurement of the methane 
release of single animals by incubation over several hours. In this way information on the 
dynamic character of the gas emissions is lost. 
Water vapour release from insects has been the subject of many studies3, however, no 
fast direct water vapour measurements have been reported. Knowledge was based upon 
theoretical deduction, sensitive weighing, indirect measurements and relatively slow direct 
water vapour measurements. Insects like cockroaches at rest show a regular breaming pattern 
which is postulated to reduce water loss and optimize O2 uptake. This breathing is 
accomplished by a complicated sequence of opening and closing of the spiracle-valves of the 
tracheal system and by (de)pressurizing the content of the tracheae by means of abdominal 
motions. We monitored the water vapour and or CH4 release respectively together with the 
CO2 emission, during the complete sequences of fluttering, ventilation and constriction for the 
cockroaches Periplaneta americana and Gromphadorhina portentosa and for the scarab 
beetle Pachnoda bhutana. 
Infrared photoacoustic (PA) spectroscopy, one of the most sensitive techniques to 
measure low trace gas concentrations under atmospheric conditions4, can monitor selectively 
e.g. dynamic methane and water vapour release. CO2 lasers have been employed predominantly 
for excitation because of the high output power in the infrared (900-1100 cm"1) and the 
relative ease of their operation. Optimizing of the PA signal is achieved by proper cell design 
and intracavity laser operation. Other laser sources employed to detect atmospheric trace gases 
employing PA were HeNe,5 '6 and diode lasers7. In comparison, the C0 2 laser possesses broad 
tunability and high laser power permitting to measure a mixture of several gases at very low 
concentrations (sub-ppbv).8 
The conditions for high laser power and broad line tunability is also met by a CO-laser. 
In particular the liquid nitrogen cooled (Д =1) CO-laser is line tunable over a large frequency 
range (350 lines between 1200 to 2100 cm" 1 ) 9 " where many gases possess a strong fingerprint 
absorption for their fundamental vibration modes. Furthermore, the CO-laser offers the 
possibility to operate also on AV=2 (300 laser lines)12 thereby accessing the range from 2450 
to 3800 cm"1. 
A continuous wave (CW) CO-laser, cooled down to 265 K, has been employed 
previously in a PA arrangement13 to monitor car exhaust gases. A maximum output power of 1 
Watt was obtained and a frequency range from 1560 to 1960 cm"1 was covered. Multi-line 
emission and water vapour absorption generated problems and made a dual beam arrangement 
with a reference system necessary. 
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Multi-line emission can be overcome by cooling the laser down to liquid nitrogen temperature 
(77 K)'4. This yields higher population densities for the lower lying 7-levels (7=6 -»7 to 7=13 
->14) as compared to a 265 К CO-laser which mainly works for 7=13->14 to /=24-»25. The 
ro-vibrational population is distributed over fewer and lower rotational levels. This causes less 
overlap between adjacent vibrational transitions. Our 77 К laser shows single-line lasing on 
almost all laser lines. Since the population density is higher for the lower lying rotational levels, 
the population difference between the lasing levels is also larger. Laser action occurs even at 
weak vibrational transitions, yielding a wavelength range from 1260 (V=35—»34) to 2080 cm"1 
(V=3->2).9-" We found the strongest laser lines between 1600 and 1960 cm"1. Employing a 
10% outcoupling mirror we obtained a maximum output power up to 3.5 Watt at a relatively 
high current density (10 mA/cm2). 
Water vapour has an absorption band in the CO-laser region. Changes in water vapour 
emission were detected with a time resolution of 15 seconds at a flow of 5 1/h, with a detection 
limit of 100 ppbv. Theoretically, a detection limit of 0.1 ppbv appears feasible based on laser 
power, absorption coefficient and noise considerations. 
In this paper attention is focused on the performance of the equipment to detect fast 
changes (within 15 seconds) of low production sources for methane and water vapour. General 
characteristics and operation of the liquid nitrogen cooled CO-laser are described in the first 
part of section 2. In the same section the ΡΑ-cell for intracavity use optimized for a fast time 
response to measure methane and water vapour release is explained. In our biological 
experiments the PA detector is operated together with a conventional CO2 infrared gas 
analyser (URAS 2T, Hartmann & Brown AG, Frankfurt/Main) to measure the C0 2 release 
simultaneously. The total experimental equipment is applied to monitor trace gas release from 
single insects; the experimental method, measurements and some biological implications are 
discussed in section 3. 
2 Experimental 
2.1 TheCO-laser 
2.1.1 General 
Inside the plasma discharge of the CO-laser, inelastic electron scattering pumps the CO and N2 
molecules out of the vibrational ground state. By collisional transfer of vibrational energy from 
N2 to CO the population of the lower vibrational states of carbon monoxide is further 
enhanced. Due to the vibrational anharmonicity of the electronic ground state, Χ'Σ, the 
spacing of the vibrational levels decreases as V increases. By energy pooling collisions CO 
molecules are therefore pushed further up the vibrational ladder. Due to this W or Treanor 
pumping1' very high lying vibrational levels are reached. The pumping is more effective when 
the translational temperature of the discharge is low. The rotational temperature is closely 
coupled to the translational temperature but the vibrational population is entirely athermal and 
possesses the so called Treanor plateau (V=7:V=36). Only to parts of the vibrational 
50 Chapter 3 
distribution an effective temperature can be assigned. To the Treanor plateau a typical 
temperature of 20.000 К can be ascribed16. Consequently partial population inversion can 
occur; the higher vibrational state (V+l) with the lower rotational quantum number (7-1) is 
more populated than the (V,J) state. Only corresponding P-type transitions are observed to 
show laser action. 
2.1.2 Operating conditions 
The experimental arrangement is shown in fig. 3.1. The liquid nitrogen cooled CO-laser tube, 
with some minor changes, is based upon a design of the group of Prof. Urban in Bonn." It was 
constructed in our workshop. When the gas mixture was optimized for a weak laser line, e.g. 
V=33-»32, У=9-И0 transition (P(10)32) at 1304.97 cm"1, laser operation was achieved 
between 1260 and 2000 cm"' on some 250 lines in one single scan (see fig. 3.2). Intracavity 
laser power amounts up to 40 Watt at 1920 cm"'. In the long wavelength region of the 
emission spectrum many lasing transitions could be operated at an intracavity power of 1 Watt. 
1 3 10 9 11 15 t |16 t 
1ПППГ 
t t t t 14 
Fig. 3.1: The CO laser detection setup in combination with the PA-cell. 1, Grating to select 
the appropriate transition; 2, Power meter at zero order reflection of the grating; 3, PA cell; 
4, Inlet for trace gas leading through a quarter lambda damper; 5, Resonator tube; 6, Buffer 
volume; 7, Tunable side arm to minimize window signal; 8, Inlet for buffer gas; 9, Outlet for 
buffer gas and trace gas; 10, Microphone; 11, CO-laser; 12, He flow to flush the windows; 
13, Liquid nitrogen jacket; 14, He, CO, N2 and air mixing barrel towards laser gas inlet; 15, 
Laser gas outlet towards pump; 16, N2 flow to separate discharge at start of measurement; 
17, Chopper; 18, 100% reflecting mirror: R=10 m; 19, Cuvette containing insect; 20, 
Infrared gas analyser; 21 (& 22 for CH4 measurements), cooling trap to take out water 
vapour. 
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Fig. 3.2: 250 CO laser 
lines between 1260 
and 2000 cm', 
corresponding to 7.7 
and5.0\im. The 
intracavity laser power 
is shown as function of 
the laser frequency. 
Note that lines around 
1750 cm' are missing 
due to water vapour 
absorption. From left 
to right the arrows 
indicate absorption 
bands of water vapour, 
acetaldehyde, ethane, 
ethylene and methane. 
40 -p Intracavity power [Watt] 
1 
2000 1900 1800 1700 1600 1500 1400 1300 
V[cm"1] 
Since the optimum gas mixtures for laser action above 2000 cm"1 differ drastically from that in 
the long wavelength region at least two different gas mixtures were necessary to cover the full 
range from 1260 (V=35-»34) to 2080 cm"1 (V=3->2). The operating pressure of the discharge 
was typically 10 mbar. For long wavelength operation the laser gas mixture consisted of 8 
mbar of He, 1.5 mbar of N2, 0.6 mbar of CO and less than 0.1 mbar of air. Short wavelength 
operation could be obtained mainly by decreasing the CO concentration. Low CO levels 
required the absence of collisional energy pooling to achieve population of low lying levels. 
The pyrex discharge tube ( 0 11.4 mm χ 1.3 m) with an active discharge length of 1.16 m was 
cooled by liquid nitrogen thermally shielded by a vacuum jacket. The laser gas mixture was 
pre-cooled by liquid nitrogen before it entered. The pre-cooling path was approximately 0.7 m 
long, however a simple experiment showed that a length of only 40 mm would have been 
sufficient to cool the gas down to liquid nitrogen temperature at the flow rates applied. Invar 
rods established a rigid mount for the grating and the 100% reflecting mirror (R=10 m). The 
overall length of the cavity was 2.2 m. 
The discharge tube had ZnSe windows (plan parallellity λ/40, Janos) at Brewster angle; 
ZnSe has a broad transmission range in the infrared. The windows were continuously flushed 
by a small He flow to avoid contamination by the discharge. N2 could also be used as a flushing 
gas. Due to its lower ionization potential, He is of little influence on the operation conditions 
of the laser. 
The laser power was monitored on the zero order reflection of the grating. By means of 
a concave mirror this radiation was focused on a pyro-electric detector. The grating (230 l/mm 
blazed for 5.5 μτη, Hyperfine) was operated in first order reflection and showed strong 
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outcoupling losses in zero order at the extreme red (1260 cm'1) and extreme blue (2080 cm"1) 
of the laser transitions thereby limiting laser operation. 
To operate the CO-laser at the low vibrational levels low СО-concentrations were 
necessary. Full optimization of a single laser line was achieved by changing also the current and 
therefore the temperature of the plasma; low current yielded low J-value transitions since the 
discharge current controls the rotational temperature distribution. 
In the laser gas mixture He served mainly as cooling agent for the discharge plasma. At 
operating conditions addition of N2 or He was less critical than 02 i. Due to its low ionization 
potential O2 lowered the electron temperature in the discharge thereby improving the 
vibrational excitation of CO and N 2
1 7
. Too much 0 2 caused fast vibrational-translational 
relaxation, resulting in a lower gain. O2 also impeded dissociation of CO. The carbon formed 
under these conditions could be observed to blacken the tube wall. In our case, only a thin 
brown film was observed after several days of continuous operation. Although we did not 
experience detrimental effects of this layer on the laser operation, we removed it as part of our 
standard cleaning procedure by means of a He-air discharge at room temperature burning for 
several hours. 
A vacuum pump sucked the laser-gas mixture through the laser discharge tube, 
longitudinally from the sides to the centre. For our CO-laser a 8 m3/h pump was employed. A 
pump with half this pumping capacity resulted in less lines and some 40% less power on the 
strongest laser lines. We tested two other pumps with a higher capacity but this resulted in only 
a slight increase (typically 10%) of laser power. In view of gas consumption the 8 nvVh pump 
was chosen. 
The DC-laser discharge was driven by a current-stabilized high voltage power supply 
(Fug). The negative HV output was split into two branches (fig. 3.1) each containing resistors 
of about 2.3 ΜΩ to balance the negative impedance of the laser discharge; these branches were 
connected to the centre cathodes. A high ballast resistance allowed the laser to be operated at 
low currents. Performing long term measurements this was advantageous since liquid nitrogen 
consumption was reduced. The centre cathodes were separated from each other by a distance 
of 10 cm to prevent excitation of only one of the two branches. If the gas balance was not 
optimal e.g. due to a small gas leak in one of the branches the discharge conditions were less 
favourable and the discharge could not be started at that branch. To overcome this problem an 
additional inlet for N2 was placed in the centre of the laser tube. Since the ionization potential 
of N2 is higher than that of the laser gas mixture the discharge was forced to split to both 
branches and importance of the leak was reduced. Once the discharge worked on both sides 
the nitrogen flow at the centre was stopped; the discharge was maintained in both arms. Both 
anodes were grounded and were positioned at the ends of the laser tube. This configuration is 
more advantageous compared to the previously described setup9,14. Only one HV-power 
supply was necessary and, in addition, the intracavity PA cell and the chopper could be 
positioned close to the windows of the laser since the outer anodes were at ground potential. 
The axial liquid nitrogen jacket around the laser tube was automatically refilled to allow 
long term measurements. For a typical electric current density of 4 mA/cm2 the consumption of 
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liquid nitrogen was approximately 4 1/hour. We were able to operate the CO-Iaser for 5 days 
continuously. During this period the intracavity power at e.g. 1304.97 cm'1 decreased by a 
factor of two. This was due to the deposition of solid C 0 2 as a film on the cooled inner wall of 
the laser discharge tube. 
2.2 PA detection of trace gases 
2.2.1 The PA cell 
The PA effect is based upon conversion of electromagnetic into acoustical energy. In our case, 
modulated infrared CO-laser radiation was absorbed by trace gases (e.g. CH4) in air or N 2. Via 
collisional relaxation the periodically excited molecules transferred their vibrational energy to 
translational energy, which gave rise to a pressure modulation. Inside the PA cell a longitudinal 
resonator sustained optimally this ensuing periodical pressure modulation and a condenser 
microphone monitored the sound mounted at the anti-node of the resonator. The resonator 
was acoustically separated from the windows by buffers. Depending on the length and radius 
of the resonator this type of configuration leads, in general, to a high cell constant (1000-
10000 Pa cm/W). The cell constant is a measure for the sensitivity expressed as the acoustical 
pressure amplitude resulting from a normalized quantity of energy absorbed over the length of 
1 cm by the trace gas. Notwithstanding the high sensitivity a relatively low Q-factor results 
ranging between 10 and 100. To avoid temperature drifts of the cell, due to replenishment of 
the laser with liquid nitrogen, the cell was kept fixed at 23 °C by means of a control unit, just 
above the temperature of the lab. 
Table 3.1: Performance of 
the ΡΑ-cell. For a definition 
of the cell constant see 
chapter 2 sect. 3.1 
Resonator 
Buffers 
Resonance frequency (nitrogen) 
Quality factor 
Sensitivity Microphone (B&K 4179) 
Microphone noise 
Acoustic background noise 
Cell constant 
Sensitivity of the PA-cell (1 W laser power) 
0 15 x150 mm 
0 100x100 mm 
1030 Hz 
4 0 ± 2 
1 V/Pa 
200 nPa/VHz 
2 μΡβΛ/Ηζ 
(2.0 ±.1) · 103 Pa cm/W 
(3.0±.15)· lO^cm" 1 
Material Exp. 
Polished stainless steel 
Polished brass 
Polished gold coated copper 
Unpolished gold coated copper 
3 
2.5 
1 
3.5 
Theory 
6 
2 
Table 3.2: Background signal generating properties of different material acoustic resonators. 
The results were obtained by monitoring the PA signal generated by an amplitude modulated 
CO2 waveguide laser beam directed at the centre of the resonator at grazing incidence. 
Values are scaled to the results of the polished gold coated resonator which is set to 1. 
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The PA cell was placed inside the CO-laser cavity to profit from the order of magnitude power 
increase as compared to an extracavity position. The cell was positioned close to the grating 
near to the minimum waist of the laser beam; the 100% reflecting silvercoated mirror (R = 10 
m) focused the beam on the grating. 
The frequency stability demands were easily met by our chopper (0.2%). For intracavity 
laser operation an asymmetric blade (60% open) was employed. The chopping frequency 
corresponded to an acoustic wavelength of twice the length of the resonator. The chopper 
positioned at the mirror side of the laser cavity produced sound and mechanical vibrations 
coherent with the modulated infrared radiation. These coupled through the invar rods and the 
body of the ΡΑ-cell and yielded a constant background signal. The coupling was reduced by 
maximizing the distance of the chopper blade to any object in its vicinity. The blade turned free 
in space without acoustic shielding, only attached to the driving motor axis. A further 
reduction of coupling was obtained by mounting the chopper and the ΡΑ-cell on vibrational 
dampers fixed to the invar rod frame. At acoustic resonance of the PA cell, this resulted in a 
constant background signal of 3 цРа, just above the detection limit of the detector. 
The dimensions of the resonator and the resulting acoustical characteristics of the cell are 
given in table 3.1. For the acoustical resonator a small radius was chosen. This is preferable 
since it results in a higher cell constant as shown in chapter 2. A radius of 6 mm proved to be 
too small; an unstable background signal was observed due to wall absorption of the wings of 
the gaussian beam. Increasing the resonator radius to 7.5 mm led to a good compromise. 
Choosing a long resonator length results in a higher cell constant and would be advantageous. 
On the other hand, a short length reduced the overall size of the arrangement. Additionally a 
small volume of the resonator could yield a fast time response. As a compromise the length of 
150 mm was chosen resulting in a resonance frequency of 1010 Hz for air at STP conditions 
and a time response of 15 seconds at a typical flow of 5 1/h. The time response is defined as the 
full width half maximum of a signal from a quantity of trace gas injected rapidly into the carrier 
flow. 
Since absorption of (scattered) laser radiation can periodically heat up the resonator wall, 
four resonators, made of different material or with a different surface treatment, have been 
tested for their suitability to yield a low background signal. Material and surface quality for the 
resonators are given in table 3.2. To investigate the influence of the material properties a 1 
Watt CW CO2 waveguide laser beam at 943.34 cm"1 was directed to the center of the 
resonators at a grazing incidence angle of 3.2°. Expressed in terms of equivalent gas 
absorption amplitude the PA signal arising from wall absorption is found in table 3.2. The 
unpolished gold coated copper tube produced a significantly higher signal than the polished 
version. The relatively low absorption amplitude of the polished gold coated copper resonator, 
compared with those made from stainless steel and brass, can be understood by comparing the 
bulk properties of the metals. PA signal generation is proportional to l/JKcp with К as the 
thermal conductivity and cp as the heat capacity of the bulk material. For stainless steel, brass 
and copper this resulted in a ratio of respectively 6:2:1. This ratio was only approximately 
observed in the actual experiment (see table 3.2). The best performance, in theory and 
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experiment, was obtained by employing a copper tube as resonator material with a polished 
gold coating. Probably the absorbed heat is dispersed quickly thanks to the excellent heat 
conduction properties of copper. Copper was coated with gold not only to optimize the 
reflection of laser radiation, but also to obtain a non-corrosive surface for aggressive gases. 
Polishing of the gold surface resulted in a 3-fold lower background signal than a rough surface. 
Another source of acoustic background signal was radiation absorbed by the ZnSe 
window material. Two methods were employed to minimize this background signal. The first 
was the use of large buffer volumes between the resonator and the window. Since the trace gas 
flow was introduced directly to the resonator this hardly effected the time response of the 
detector. The second was the introduction of tunable air columns close to the windows as 
described in chapter 2 section 3.3. The cell was tested in an external CO2 waveguide laser 
beam modulated by a chopper. The laser beam passed through the first ZnSe Brewster window 
and was stopped to some extent by the second window which was optically blackened. By 
tuning the air column at this window a clear maximum at 60 mm and minimum at 80 mm 
column length were observed in the PA window signal. The window signal could even be 
reduced by a factor of 40 as compared to the situation when there was no air column. A 
theoretical model had been developed to describe the acoustical performance of ΡΑ-cells (see 
chapter 2 sect. 2). This model was based on acoustical transmission line theory in combination 
with a matrix formalism; each matrix described a part of the ΡΑ-cell. The model was used to 
determine the response of the window signal amplitude on a changing column length. The 
results of this model predicted a reduction factor of 50 for the window signal amplitude at a 
column length of 80 mm. Placing the PA cell into the laser cavity, with clean windows, we 
observed hardly any effect on the low background signal amplitude by changing the column 
length. Apparently, the large buffers sufficed already to minimize the window signal. 
The acoustic signal originating from absorption was monitored by a B&K 4179 
condenser microphone. The membrane of the microphone and the volume in front of it took 
part in the acoustic resonance, thereby influencing the resonance frequency, cell constant and 
quality factor. The use of a small electret Knowless EK 3024 microphone did not significantly 
influence the acoustical properties of the resonator. The above mentioned theoretical model 
was applied to clarify this effect. The results corresponded well with the experimental data and 
could explain the downshift in resonance frequency of 65 Hz (see chapter 2 sect. 3.4). The 
B&K microphone was advantageous because of its high signal to noise ratio which lowered the 
detection limit. 
2.2.2 Detection limits 
The lowest level, non-electronic, noise is determined by the Brownian motion of the molecules 
and poses a limit to the sensitivity of this detector. Although the cell was shielded and mounted 
to the laser frame on vibrational dampers we did not reach the theoretical limit (0.2 цРа/ Hz ) 
because a background noise of 2 цРа/ Hz was picked up at the resonance frequency. This 
limited the sensitivity of the system. We therefore could not yet utilize the full potential of the 
B&K microphone. In the case of trace gas detection of methane in N2 this noise restricted the 
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Fig. 3.3: Absorption 
coefficients of CH4 in N2 
for the CO-laser 
transitions. The peaks 
between 1400 and 1750 
cm' are due to water 
vapour. 
practical detection limit to 1 ppbv (absorption coefficient: a= 3 atm"1 cm-1 at 1304.97 cm"1, 1 
Watt laser power, see fig. 3.3). 
In the case of injecting 1 ml of N2 containing 42 nmol (= 1 nl) of CH4 in a stream of dry 
air (5 1/hr) we observed that at the above mentioned laser line the PA signal caused by CH4 
was one order of magnitude lower than for pure of nitrogen as carrier gas. Furthermore, a 
phase lag of 150° occurred as compared to the case when a small amount of ethylene (1445.46 
cm"') or ethane (1493.81 cm"1) was injected and measured. The phase lag indicated that kinetic 
energy was taken up by the molecules in the resonator at the modulation frequency instead of 
modulated energy release. This effect is known as kinetic cooling and is well documented for 
CO2 absorption in the C0 2 laser wavelength region'
8
". In our case, CH4 absorbed the CO-
laser radiation in the v4 vibrational mode centered at 1306.2 cm"
1
. This is the lowest vibrational 
mode of the molecule. In comparison with many other molecules, for relaxation a large 
quantity of energy must be transferred to translational energy by a collision. Due to this large 
energy gap a low transfer probability exists; thermally the adjacent V2 mode centered at 1533.3 
cm"
1
 could become populated, too (rate constant 13 μβ"1 atm"1)20. Oxygen has a near resonant 
vibrational level; Vi at 1554 cm"1 . Only 170 collisions are needed to transfer energy from the 
Vj mode of CH4 to the Vi mode of 02.21 Since this is rather a fast process probably most 
energy is deposited into O2 that is known to relax slowly. The average number of collisions 
(Zio) required for relaxation of an O2 molecule from the Vi state to the ground state is 8.3· 107 
in pure O2. At STP conditions some 8109 collisions per second take place. The much larger 
number density of 0 2 as compared to CH4 could create a buffer of vibrational energy leading to 
an effective transient cooling of the translational degrees of freedom. Our chopping frequency 
of 1010 Hz was too fast to observe the relaxation of 02. Rather, we observed an inverse PA 
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signal probably due to modulated cooling; population transfer from the lower v4 to the higher 
V2 mode of methane took place. This resulted in an amplitude decrease and a phase change 
relative to the signal caused by the same amount of CH4 in N2. Water vapour is known to 
promote relaxation and indeed by increasing the humidity of the flow the PA signal amplitude 
from methane absorption was increased substantially and the phase lag was reduced. Our 
results did not allow to discriminate whether water vapour promoted relaxation of CH» or O2. 
In the first case kinetic cooling is prevented due to fast relaxation of the V4 to the groundstate; 
no time is available to populate the higher lying V2 mode of CH4 or to transfer the energy to 
0 2. If kinetic cooling still takes place water vapour will also relax the Vi mode of 0 2 to the 
ground state. In the case of N2 (V| =2330 cm"1) kinetic cooling can hardly take place because 
of the large energy gap. Ethylene and ethane were also tested for this effect in a flow of air, but 
no change of the trace gas signal was observed by introducing extra water vapour into the 
flow. The introduction of water vapour into the flow yields a higher water vapour signal. At 
the strong methane absorbing Р(10)зг line the absorption of water vapour is low (a = 10"5 
atrn'cm"'). Therefore measuring the methane release of insects under these conditions was 
employed as shown in chapter 8. However, the experiments described in this chapter were 
measured in a dried stream of air. 
Water vapour has a strong absorption band (v2 centered at 1594.7 cm') in the CO-laser 
region. To prevent overload of the detector we did not use one of the strongest water vapour 
absorption lines e.g. Р(12)із (1761.69 cm"1, α = 2 atm'cm"1), but a moderate absorbing line 
P(ll)i9 (1616.04 cm"1, α = 0.3 atnï'cm"1). In the case of air as carrier gas a quadratic 
dependence of the PA signal on the H20 concentration was found. In fig. 3.4a the PA signal is 
shown as a result of several injections of 1 ml N2, containing 2.6% of water vapour, into the 
carrier flow. When the injections (ΔΡ) were performed on a large PA water vapour signal (P) 
the PA signal (S) was much larger as on top of a low background signal. Taking the square 
root resulted in equally sized peaks as shown in fig. 3.4b (S=(P + AP) ). Although water 
vapour is known to be a fast relaxing agent, 0 2 apparently acted again as buffer for vibrational 
energy which could then be released by water vapour, yielding a quadratic dependence. In the 
high limit of water vapour concentration total relaxation of 0 2 is to be expected. Since in that 
case the water vapour concentration does not limit the PA signal amplitude a linear 
dependence is to be expected. Further experiments have to be performed in order to elucidate 
this problem. 
Water vapour may show interference with the absorption of other gases and, due to its 
strong adsorption to the wall material, outgassing could perturb the detectors performance. We 
reduced these problems by a cooling trap and teflon (PFA) tubing for the gas flow from the 
sampling cell toward the PA cell. We were able to lower the water background signal below 1 
ppmv. A detection limit of approximately 100 ppbv was found. A theoretical detection limit of 
0.1 ppbv in N2 was extrapolated based upon noise considerations, absorption coefficient, laser 
power and assuming the absence of interfering background gases. The obtained detection limit 
was sufficient to measure the water vapour release from small insects like fruit flies. 
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Fig. 3.4a: PA signal at P(ll)¡9 resulting from injections of the same amount (1 ml air 
containing 2.6% water vapour) on top of a low and a high water vapour background 
concentration. The injections on the high background result in a larger PA signal. The large 
background signal is caused by a cockroach put into the flow. 
Fig. 3.4b: The square root of the PA signal presented in a. The integrated surface under all 
peaks is equal. 
2.2.3 Flow characteristics. 
The dimensions of the buffers (r= 50 mm, 1=100 mm) of the PA cell were optimized for 
window signal suppression resulting in a total cell volume of 1.5 liter. Since we introduced the 
trace gas flow at the centre of the resonator the time response of the detector depended mainly 
on the volume of the resonator (26 ml). If the size of its diameter is small (0 0.8 mm) the cell 
constant is not influenced by the trace gas inlet (chapter 2). Noise entering the ΡΑ-cell with the 
trace gas flow was effectively suppressed by acoustical notch filters in line with the flow. A 
notch filter consisted of a smaller diameter (0.8 mm) and larger diameter (8 mm) tube of a 
quarter acoustic wavelength. The noise reduction of one filter, consisting of a small and a large 
diameter tube, was proportional to the ratio of the cross sectional areas22. The noise reduction 
of one filter appeared to be a factor of 100. At the time of the experiments we used two of 
these filters. In practice the noise was sufficiently suppressed by one filter. 
The properties of PFA teflon were tested for water memory effects by injecting water 
vapour in flow of air of 5 1/h and comparing this to an injection of methane. The detector had 
almost the same time response for both trace gases. Changes in gas emission were observable 
with a time resolution of 15 seconds at the given flow. 
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Fig. 3.5: Comparison between the experimental (m) and theoretical (curve) PA signal 
generated in the resonator as a function of the trace gas flow (1 ppmv ethylene in nitrogen). 
The buffers are flushed with pure nitrogen. At a low trace gas flow the pure nitrogen diffuses 
back into the resonator decreasing the effective absorption length. At a high flow rate the cell 
constant is equal to the value obtained in case the whole cell is filled with trace gas. 
After having flushed the ΡΑ-cell with a calibrated trace gas mixture (1.2 ppmv C2Ht in N2) for 
some hours, we monitored (for a pure nitrogen flow of 1 1/hour) still a high trace gas signal 
during the first hour, amounting up to 15% of the initial trace gas signal. The residence time of 
the trace gas after having passed the resonator in the buffers was typically 1.5 hours at a flow 
of 11/hour. Due to back diffusion into the resonator the former filling contributes to the signal 
from the freshly introduced gas (in our case pure nitrogen) and was a cause for a fairly 
constant background signal decaying at a typical time scale of hours. This effect could be 
described by a simple formula relating the trace gas flow velocity ν with the average distance d 
of back diffusion into the resonator d = D/2\ where D is the diffusion constant, in case of 
nitrogen and ethylene under standard conditions D = 0.185 cm2/s. 
To check this expression for d we performed an extracavity experiment employing the 
above mentioned CO2 waveguide laser arrangement. The buffers of the ΡΑ-cell were flushed 
with N2. The trace gas flow was varied. The influence of this variable flow on the signal 
amplitude is shown in fig. 3.5. A theoretical PA signal was simulated by the aid of a computer 
model (Ch. 2, sect. 2). The normal total absorption length of the gas (length of the resonator) 
has been corrected for by the average back diffusion length 2d into the resonator. Fig. 3.5 
shows that the model yields a good description of this undesired effect. At a flow rate of 0.5 1/h 
the trace gas contributed only for 70% to the PA signal yielding a signal reduction of 30% as 
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compared with a flow of 6 1/h. Thus back diffusion could be reduced significantly by increasing 
the flow velocity. However, this was not always desirable since in case of a biological source, 
the production rate became diluted at higher flow velocities reducing the concentration. 
Therefore a minimal flow rate of 11/hr was used for the measurements on biological samples. 
In order to allow the measurement of low production sources at a low carrier gas flow, 
the gas in the buffers could be diluted by additional gas flows of 3 1/h on each buffer, 
introduced close to the windows. This gas was purified identically as the carrier gas flowing 
over the biological samples. Although signal reduction by back diffusion still took place, the 
problem of memory effects from trace gas dwelling in the buffer volumes could be reduced by 
a factor of 5. Balancing the buffer in and outlet gasflow with the trace gas flow needed careful 
attention but did not introduce severe problems. Performing the measurements on insects we 
employed trace gas flows of 1 and 5 1/h in the resonator. In case of 5 1/h no additional buffer 
flow was necessary since the contribution of back diffusion to the signal was unimportant. 
3 Measurements on the gas exchange of insects 
3.1 Introduction 
As a first application of the described detector the emission of methane, carbondioxide and 
water vapour from cockroaches and scarab beetles has been monitored. Some 300 χ IO6 years 
ago, long before land-dwelling vertebrates evolved, insects appeared on earth. They are 
estimated to consist of more than two million species and therefore constitute an enormous 
biomass world-wide. Insects and millipedes contribute to the global change of the atmosphere. 
Firsüy, they all release CO2 and H2O and take up 02 as a natural consequence of their 
metabolism and breathing. Secondly, millipedes and at least three higher taxa of insects, e.g. 
termites, cockroaches and scarab beetles emit CH4 as one of the end-products of intestinal 
(bacteria aided) fermentation. This methane is produced by anaerobic archae-bacteria, living in 
symbiosis with the host. 
3.1.1 Gas exchange by Breathing 
Insects release gases due to respiration like vertebrates and take op O2 and release CO2. 
However, insects do not possess lungs; they use a tracheal system for their gas exchange. The 
tracheal system consists of a ramifying system of tubes connecting the internal tissues via 
spiracle-valves to the atmosphere (see fig. 3.6 and fig. 8.1). The spiracle valves can be 
controlled by muscles to close the tracheal system. The muscles are controlled by the ventral 
nervous system. Like other cockroaches, Periplaneta americana possesses ten pairs of 
spiracle-valves. Gas exchange between the tracheal system and the atmosphere could either 
take place by convection due to ventilation (like for mammals employing lungs) and/or by 
diffusion (no movement). The widespread opinion that insects depend on diffusion for gas 
exchange is based on a model postulated by Krogg23 and Hazelhof24. It was observed that 
cockroaches ventilate only during motoric activity. In rest it was postulated, they do not 
ventilate, and it was concluded that a resting insect only exchanges gases by diffusion. With the 
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Fig. 3.6: Schematic view of 
the tracheal system of an 
insect. Trachea (tr) connect 
the oxygen consuming and 
CO2 producing tissues 
(ti+in) with the ambient 
atmosphere; mt indicates 
mitochondria. The contact 
between tr and ti is 
accomplished by thin 
tracheoles (tri). Hemolymph 
i.e. insect "blood" (hea) 
surrounds tissues and 
trachea. The trachea are 
fixed to the epidermis (e) and 
cutícula (с). The gas 
exchange is controlled by 
two types of spiracle valves 
(sv) positioned interior and 
exterior. 
aid of diaferometric techniques C0 2 release and O2 intake could be observed . Insects 
released CO2 in bursts and at an almost constant rate 0 2 was taken up. It was postulated that 
the animals had developed a complex breathing pattern to retain water vapour (see also chapter 
8)2 6. This idea was supported by the observation of Kestler that some insects actively ventilate 
to exchange gases27. Gas exchange could occur both by diffusion and convection, and in many 
insect species it involved respiratory movements. 
In breathing cycli of insects 3 periods can be distinguished which will be treated briefly here. 
For the interested reader we refer to chapter 8. During constriction phase (C) the spiracle 
valves are closed; no significant gas exchange with the atmosphere takes place. The oxygen 
present in the tracheal system is consumed. The solvability of CO2 is 20-fold higher than for 0 2 
in water. The produced C0 2 can therefore easily be dissolved into the hemolymph. (The 
hemolymph fluid surrounds the tissues and is like the blood for mammals with the exception 
that it is not the major transport mechanism for oxygen.) The pressure in the tracheal system 
becomes subatmosphenc. When the 0 2 concentration has reached a lower limit it needs to be 
refilled from outside. During the second period, "fluttering" (F) the spiracles open only for a 
short time leading to convettive influx of air. 0 2 is taken up and consumed at a constant rate. 
Only minor amounts of C0 2 are released, since it has to diffuse against the incoming air; C0 2 
in the hemolymph is still rising. At a certain moment an increase in the exchange of the tracheal 
gases with the atmosphere can be observed. This occurs by opening the spiracle valves (open, 
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О) and it can be aided by active ventilation (V) due to movements of the abdomen (the 
posterior part of an insect). One active pumping volley consists of a rapid expiratory stroke, a 
maintained compression and then inhalation. This whole CFV cycle serves to provide the 
cockroach with the necessary 0 2 and to release the metabolic C0 2 to the atmosphere. 
Note that another important channel for gas release is formed by the cutícula (the skin). 
The cutícula gives rise to a continuous water vapour and CO2 release. 
3.1.2 CH4 production 
In the hindgut of СТЦ producing insects, large numbers of bacteria and symbiotic protozoa 
assist the digestion of biopolymers such as cellulose or hemicellulose. The metabolic activities 
are fermentations; they take place under anaerobic conditions and yield CO2 and H2, as the 
main end products of biopolymer catabolism. These gases are converted to CH4 by the 
methanogenic bacteria that, too, live in the hindgut of their hosts, either free around the 
partially digested food particles or as intracellular symbionts in the intestinal protozoa. In some 
species, the insect forms highly specialized chitinous structures as immobilized supports for 
intestinal bacteria (see fig. 7.1). Gas-chromatography permits a quantitative cumulative 
determination of gas emissions; due to lack of time resolution no answer can be found to the 
question how the intestinal gases are released. Measuring CH4 simultaneously with CO2 
enables us to discriminate between a potential CH4 release as flatus, or by breathing. In chapter 
7 (by gas chromatography) and 8 (by photoacoustics) CH4 release from cockroaches is treated 
extensively. 
3.2 Experimental design 
The animals were kept inside a glass cuvette ( 0 20 mm x 50 mm) closed with butyl rubber 
stoppers at both ends. The gas flow was led over the insect entering and leaving the cuvette via 
capillaries. The measurements were performed at ambient temperature (22 °C). 
A cooling trap was constructed to remove water vapour from the carrier gas flow. It was 
used to obtain a dry flow towards the animal for determination of the water vapour release and 
it was positioned behind the animal when monitoring CH4 release of the animal. The cooling 
trap consisted of a liquid nitrogen reservoir, in which the liquid level was kept constant, and of 
two trapping stages. Close to the bottom, just above the liquid nitrogen level of the dewar, a 
metal plate was kept at a constant temperature of 125 K. Near the top a freezing stage of 255 
К was realized. The water vapour containing trace gas was first led through a relatively wide 
( 0 11 mm χ 60 mm) PFA tube connected to the 255 К plate. Most water vapour was frozen 
out at this place and the tube, being easily accessible, could be cleaned every day to prevent 
blocking. For further reduction of the water vapour concentration the flow was led over the 
125 К plate through a 1 meter long 0 1.6 mm tubing. To minimize the volume, before and 
after the cooling trap, the tubing consisted of 0 0.8 mm PFA tube with a total length of 2 
meters. 
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cockroach Periplaneta 
americana about 40 mm 
long (fresh weight approx. 
Ig)· 
a: CH4 release measured 
by switching between two 
adjacent laser lines, one 
strong (P(10)з2 ) and one 
weak absorbing line (Р(9)з2 
). Time resolution was 
limited by the switching (2 
min.) and not by the flow in 
the PA cell which was 1 
Uhr. 
b: At the same flow in the 
PA cell (1 Uhr) CH4 and 
CO2 release are measured 
simultaneously with 
increased time resolution 
since CH4 release could be 
determined on only one 
laser line (P(10)32). Of the 
total flow of 5 Uhr led over 
the animal 4 l/hr entered 
into the URAS (200 X0 2O 
mm cell). The synchronous 
signals indicate that 
methane is released during 
the breathing of the animal. 
The phase shift is 
connected with the higher 
solvability ofCÛ2 in the 
hemolymph. 
с: H2O and C02 are 
measured simultaneously at 
a total flow over the animal 
of 10 Uhr (5 Uhr to the PA 
cell, 5 Uhr to the URAS (50 
x0 2Omm cell). 
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Measurements of CH4 were performed by continuously switching between two laser lines, one 
at a strong and the other at a weak absorption line. We used the P(9)32 ( ex = 0.02 atm' cm"1 ) 
and Р(10)э2 ( α = 3 aim"' cm' ) transitions of CO at 1308.01 cm"1 and 1304.97 cm"1 (see fig. 
3.3). Fast response measurements were accomplished by keeping the laser at the strong 
absorption line. In this way the relatively slow frequency switching was avoided. 
Fast water vapour measurements were also performed on a single laser transition 
(P(ll)i9 α =0.3 atm"1 cm"1). Due to the non-linear dependence of the PA signal on 
concentration the calibration needed special care. At the start and the end of each biological 
measurement injections of saturated water vapour were used for calibration on top of the 
signal resulting from the animal; the square root of the total PA signal produced an injection 
peak proportional to the injected quantity (see fig. 3.4). 
The fast time response measurements were accompanied by the determination of CO2 
release. The gas flow was split, one was led to a commercial CO2 gas analyzer (URAS) and 
the other to the ΡΑ-cell. A URAS measured the difference in gas absorption signal between 
two identical cells, one was used as a reference, whereas through the other cell the trace gas 
was flown. Two types of cells with a diameter of 20 mm have been employed in our 
measurements; 200 mm long cells with a flushed reference cell and 50 mm cells with a sealed 
reference cell. The latter had the advantage of a faster time response at the cost of a large zero 
drift. The time response of the 50 mm cell was comparable to that of the ΡΑ-cell for the same 
flow while the 200 mm cell needed a 4-fold higher flow. 
After installation of the arrangement the detectors were synchronized by injection of a 
mixture of CO2/CH4 or CO2/H2O into the sampling cuvette. Adjusting the flow resistances at 
the outlet of the detectors resulted in equal time responses (and delays) of the injected amount. 
The detectors were calibrated by injection of a known amount of methane, H 20 or CO2. 
3.3 Results 
Fig. 3.7a shows the typical methane release pattern of a cockroach Periplaneta americana. 
The position of the grating of the laser was switched between two positions. The background 
signal was constant during the course of the measurement, indicating that the only trace gas 
detected by the PA detector was methane. Within 2 hours of a 24 hours lasting measurement 4 
complete cycli were observed. Within a cycle three periods can be discriminated; a minimum 
close to the baseline that lasts for approximately 3 minutes; for the following 20 minutes a slow 
increasing signal which levels off; an outburst of methane over a period of 6 minutes. 
Measurements of methane on one laser line and CO2 by the URAS on another individual 
of the cockroach Periplaneta americana is shown in fig. 3.7b. The level of CH4 release is one 
order of magnitude higher than for the cockroach treated in fig. 3.7a. Such differences of one 
order of magnitude were frequently observed during the measurements of several single 
cockroaches. The cycli at which methane and C0 2 release took place lasted somewhat shorter 
(17 minutes). Both CFL» and C0 2 release exhibit all characteristics of a CFV breathing 
pattern27. The minimum corresponds with (C), followed by an increasing release rate denoted 
by (F). The outburst (during which the cockroach ventilates)27 is denoted by (V). Methane and 
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Fig. 3.8: Four breathing cycles from a cockroach Gromphadorhina portentosa (50 mm long 
fresh weight approx. 6 gram). A high water vapour signal due to diffusive cuticular release is 
observed. On top the three periods characteristic for CFV insect breathing (see also fig. 8.2) 
can be distinguished; (C), 17.2+17.4 h; (F), 17.4+17.6 h; (V), 17.6+18.0 ". Note the perfect 
synchrony with the CO2 release. H2O and CO2 release are measured with a time resolution of 
15 seconds due to the 5 Uhr flow inside the ΡΑ-cell and the URAS (50 mm cell, reference 
closed). Total flow over the animal amounts to 10 l/hr. 
CO2 releases show synchronous but somewhat different patterns. The onset of (V) is 
somewhat delayed for CO2. The ratio of release during (V) and during (F) is much larger for 
CO2 than for methane. C0 2 shows a gradual decrease in signal towards (C). In contrast, 
methane decays to a constant level of release between (V) and (C). Note that for our 
measurements we did not focus on constant release rates and the zero offset both of methane 
and CO2 release should not be considered. 
In fig. 3.7c water vapour release by a third Periplaneta americana individual is 
presented. Water vapour signal shows an offset due to continuous release from the animal. 
Probably they are cuticular losses. Due to the calibration problems with water vapour the scale 
is an indication for the quantity of water vapour release by the animal. A scaling error of 1.5 
should be taken into account (see chapter 8). CO2 and H 20 released by breathing are almost 
identical. The changing baseline for the C0 2 release pattern is due to drift of the signal from 
the closed reference cell in the infrared gas analyzer. 
Fig. 3.8 shows the release of C0 2 and water vapour from a cockroach Gromphadorhina 
portentosa (6 grams). Although basically the same type of CFV breathing for this cockroach 
occurs as for Periplaneta americana the most characteristic difference is observed during (V) 
where single pumping volleys are identified as peaks due to active ventilation. The half-width-
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full-maximum of these peaks corresponded with the time response of the detector (15 
seconds). Over the whole cycle that lasts for about one hour, these peaks are synchronous for 
C02 and the H2O release. 
A different pattern of release is shown for the scarab beetle Pachnoda bhutana. Methane 
and CO2 are released synchronously (fig. 3.9a). Every 1.5 h a high amount of C02 and CH4 is 
released in a single burst that lasts for approximately 6 minutes (see fig. 3.9b). A single burst of 
methane release shows a faster decrease than the C02 release. 
Figure 3.9c displays the water vapour release in combination with C02 by another scarab 
beetle. After the start of the measurement the water vapour background release showed a 
slowly decaying release rate. Except for the larger background signal water vapour release 
reveals the same type of pattern as methane and C02 
Expanding of the horizontal scale shows that, in contrast to C02 and methane, water 
vapour release was almost constant during a burst. 
3.4 Short discussion of the biological measurements 
For all release patterns presented in fig. 3.7 to 3.9 it appeared that all three gases CH4, C02 
and water vapour were emitted synchronously. The cyclic releases could be attributed to 
tracheal gas exchange. This reveals that also methane is released through the tracheal system 
and not by farts. Cyclic water vapour release was observed on top of a fairly constant 
background signal. The background signal is attributed to cuticular water losses. 
Gas exchange due to ventilation is accompanied by exhalation of gas. The time response 
of the system (15 s) just allowed to identify the gas release of individual pumping volleys in the 
release pattern of Periplaneta americana. The peaks of gas release from Gromphadorhina are 
better resolved and demonstrate clearly that this animal ventilates for its gas exchange. 
For Pachnoda bhutana the slow decay in water vapour background release is caused by 
the change of ambient to arid conditions in the cuvette at the start of the measurement. The 
exterior parts of the animal still contain a relatively high amount of water which is slowly 
reduced under arid conditions. The period of the burst of gas release shows no indication for 
ventilation and gas exchange seems to be diffusive. The different release patterns for the three 
gases during the burst can not be explained only by their differing diffusion coefficients. The 
molecules CH4 and water vapour possess equal mass and would show a similar release pattern 
while CO2 (since it is heavier) would yield a slower decay. Other mechanisms are involved. 
The almost constant water vapour release during the burst suggests that the beetle keeps 
its valves constantly open and that inside the tracheal system there is a constant partial pressure 
of H20. Probably this equals the saturation pressure of water. If the water vapour 
concentration is constant all molecules lost to the atmosphere are immediately replaced to 
maintain the saturation pressure. The slow decrease of C02 release during the burst is caused 
by the diminishing amount of C02 stored in the hemolymph. Methane release shows an order 
of magnitude faster decrease during the burst. The difference is too big and cannot be 
attributed to different diffusion constants. For methane refilling of the tracheal system occurs at 
a slower rate than for C02. The origin of this difference will be discussed in chapter 8. 
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Fig. 3.9. CH4, H2O and CO2 release during the breathing of a scarab beetle. Total flow 
over the animal was 10 Uhr of which 5 Uhr was led to the PA cell for the measurement of 
CH4 or H2O. The rest of the flow was led into the URAS monitoring the CO2 release (50 mm 
cell, reference closed), a. CH4 and CO2 release during a night time measurement. Note that 
in the morning when persons arrived (t=12 h) the animal became restless, b. Extended view 
of one breathing pulse from fig. 3.9a. с H20 and CO2 release during another night time 
measurement, d. Extended view of one breathing pulse f rom fig. 3.9c. 
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4 Conclusions 
A PA cell placed intracavity of a liquid nitrogen cooled CO-laser was employed to measure 
trace gas release from insects, in particular H20 and CH4 emission. For methane a detection 
limit of 10 ppb in dry air and 1 ppbv in nitrogen was obtained For water vapour the detection 
was limited by the amount of background H2O vapour present in the cell allowing a detection 
limit of approximately 100 ppbv. Measurements on living insects revealed that the tune 
response of 15 seconds was sufficient to detect characteristic breathing patterns of cockroach, 
and scarab beetles. Methane is found to be released through breathing. 
Aknowledgements: we would like to thank C. Sikkens, F van Rijn and R. Kasman for 
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Multi-component analysis by three photoacoustic cells 
intracavity of a CO-laser; observation of anaerobic and 
post-anoxic processes in cherry tomatoes 
F.G.C. Bijnen, H. Zuckermann, F.J.M. Harren and J. Reuss 
Dept. of Molecular and Laser Physics, University of Nijmegen 
Toemooiveld, 6525 ED Nijmegen, The Netherlands 
Abstract 
Three serial photoacoustic cells are employed within the cavity of a liquid nitrogen cooled CO-
laser to monitor on-line trace gas concentrations. Multi-component analysis is performed on 
sequential repetitive measurement of ethylene, ethanol, acetaldehyde and C02 Detection limits 
and absorption spectra for a number of biologically interesting trace gases are presented. 
Post anoxic injury effects on cherry tomatoes are studied. The arrangement is applied to 
determine the time dependent release of trace gases by cherry tomatoes under aerobic 
conditions preceded by an anoxic period. 
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1 Introduction 
Sensitive multi-component trace gas analysis is required to study complex processes in 
atmospheric chemistry1, breath analysis2 and plant physiology3. Gas chromatography offers a 
possibility to perform this analysis, however, incubation of the sample is necessary before 
injection in the gas Chromatograph can take place excluding on-line measurements of 
concentrations. 
Spectroscopic detection offers the possibility to perform on-line multi-component 
analysis as discussed by Sigrist in a recent book reviewing various techniques4. Not included in 
this review is the new method of Cavity Ring Down (CRD) which, in combination with a 
pulsed laser source, offers the possibility to determine concentrations at ppbv and even pptv 
level5. In combination with a pulsed light source and Fourier transform techniques CRD forms 
a great promise for multi-component analysis. 
Photoacoustic spectroscopy has already been shown to yield extreme sensitivity6. On­
line the trace gas concentration of a single component was followed during a real time 
experiment. For monitoring a mixture of components the selectivity may be hampered due to 
spectral overlap. Photoacoustic multi-component studies have been performed employing a 
CO2 laser7,8. Matrix manipulation permitted to analyze the concentrations of different 
components. Due to the large tuning range of a liquid nitrogen cooled CO-laser (1250-2080 
cm"
1) as compared to a CO2 laser (900 - 1100 cm"1) more trace gases can be discriminated. 
Water vapour, however, has a strong absorption band in the CO-laser region and will often 
show interference with the components to be determined. To monitor multi-component car 
exhaust gases a CW CO-laser cooled down to 265 К has been employed previously in a PA 
arrangement'. Multi-line emission and overall water vapour absorption caused interference and 
required a dual beam arrangement with a reference system. 
In contrast to the 265 К operated CO-laser the liquid nitrogen (77 K) version shows 
single line operation10. Proper gas handling reduces the effect of wall sticking and perturbing 
degassing. Multi-component analysis is performed by sequentially measuring the absorption 
signal on various laser lines and analyzing the obtained data via a matrix method leading to 
concentrations of the gas mixture. Very important for the analysis is stable laser operation 
resulting in reproducible measurements. Along with spectral selection, trapping of gases with a 
low vapour pressure by freezing is employed to separate components. 
The developed detector is applied to measure trace gas emission of cherry tomatoes 
during anaerobic and post-anoxic periods. Despite the lack of fundamental understanding and 
commercial interest the field of post anoxia injury on plants has until now received little 
attention1 ' . Long term storage of tomatoes and apples occurs under reduced 0 2 atmosphere. In 
the case of tomatoes at re-establishing atmospheric conditions shelf life may be extended. 
Oxidation of ethanol yields acetaldehyde. The interaction of acetaldehyde with ethylene is 
interesting since after an anoxic period ethylene is produced in large amounts which normally 
stimulates ripening12. It is conjectured that acetaldehyde reduces the effect of ethylene13. The 
presented measurements of the triple cell in combination with the CO-laser show that answers 
to this interesting issue are well within reach. 
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The structure of this chapter is as follows. In section 2 the changes and the improvements of 
the CO-laser cavity are described. In section 3 the triple ΡΑ-cell is described. Absorption 
coefficients, fingerprint spectra and detection limits for some 20 biologically interesting gases 
are presented in section 4. The matrix calculation is given in section 5. The trace gas flows and 
the 4-level cooling trap are explained in section 6. Actual measurements of multi-component 
trace gas emission by cherry tomatoes during changes between anoxic and aerobic conditions 
are presented and analyzed in section 7. 
2 The CO-laser 
In fig. 4.1 the experimental arrangement is depicted showing the triple PA cell in the cavity of 
the CO-laser. The operation of our liquid nitrogen cooled CO-laser is detailed elsewhere (Ch. 3 
sect. 2.1). We limit ourselves here to changes and improvements. 
The overall length of the cavity of the CO-laser is increased from 2.2 to 3 m to 
accommodate the triple PA cell (900 mm) and a surrounding box acoustic shielding box (not 
shown in fig. 4.1). Since the individual cells are separated by Brewster windows the total 
number of intracavity windows is increased from 4 to 6 (including the windows of the CO-
laser) causing a decrease of 30 % in the intracavity laser power for weaker laser lines ( e.g. 
Р(10)з2,1304.97 cm1). 
Performing multi-component measurements involves repeated switching between laser 
lines from all over the laser spectrum by tuning the angle of a Littrow-mounted grating. 
Simultaneously with the PA signal the power is monitored at the zero order outcoupling of the 
grating. This signal is scaled to yield the absolute intracavity power. The concentration of a 
trace gas is proportional to the ratio of the monitored photoacoustic signal over the intracavity 
laser power. If the grating was somewhat shifted from its optimal position for maximum laser 
power we observed that this ratio for background and for water vapour signal was not 
constant. This non-linearity of the ΡΑ-signal on the laser power is probably due to higher order 
TEM-modes of the laser beam heating the acoustic resonator wall. This situation was 
drastically improved by inserting, instead of a (100 % reflecting) R = 10 m end mirror, a R = 
7.5 m mirror. The best situation was finally obtained by installing a R = 5 m end mirror in 
combination with an iris. The laser power on the weaker lines approached its original value of 
approximately 1 Watt (intracavity). Introduction of the iris between the triple-cell and the laser 
tube resulted in about 5 % power loss, but the ratio of photoacoustic signal over intracavity 
laser power remained constant over a grating angle of 0.02 ° (corresponding to a tuning range 
= 0.5 cm"1). This value was well within the tolerance of the reproducibility of the stepper 
motor. 
To operate the CO-laser for long term replenishing of the liquid nitrogen reservoir 
around the laser tube is automated by monitoring the level of liquid nitrogen at 3 heights inside 
the reservoir. When the middle sensor reaches a temperature above liquid nitrogen temperature 
refilling is initiated. It stops when the upper sensor has reached liquid nitrogen temperature. 
The lower temperature sensor served to indicate that the external liquid nitrogen container was 
empty initiating a switch to a full container. In this way we can operate the laser for a week. 
When working with a R=10 m end mirror the background signal was not linear 
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Fig. 4.1: Detection set-up. 1, 2 and3, Trace gas flows; 4, Triple photoacoustic cell; 5, Liquid 
nitrogen cooled CO laser; 6, Grating to select the appropriate transition; 7, Chopper; 8, 
Catalyser to remove hydrocarbons; 9, KOH scrubber to remove CO2; 10, Switching valve for 
(an)aerobic conditions; 11, Cuvettes, one containing a tomato, the other empty as reference; 
12, Switching valve to select cuvette; 13, Cooling trap to aid selectivity (see alsofig.4.4) 
with the laser power during refilling of the liquid nitrogen reservoir (5% deviation). With the 
R=5 m end mirror the ratio became linear although still some effect was seen on the laser 
power itself during replenishing. In contrast to our earlier observation in chapter 3 that the 
laser power on a weak laser line was reduced to half its original value when the laser was 
operated over five days, we now observed a slight increase in laser power during this period. 
Probably all improvements observed when implementing the 5 m radius end mirror are due to 
the smaller beam waist both in the PA cell and in the laser tube. Operation of the laser, 
however, could not be extended by more than five days since the exit towards the pump 
became obstructed with solid СОг-ісе increasing the pressure rise above the operational value. 
CO2 absorbs close to 1950 cm"1 while ethanol shows absorption around 1350 cm"1 (see 
fig 4.3). The measurement was performed by subsequently tuning the grating to one of the 15 
positions of selected laser lines. Returning the grating to the starting point was performed by a 
fast 20 seconds scan of the grating. During this change the high voltage power supply (Fug, 
current controlled) showed instabilities. Also the discharge of the laser flickered each time a 
laser transition was passed (opto-galvanic effect). Once in a while these instabilities caused a 
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tum down of the discharge. Restarting the laser was not yet automized and therefore limited 
this type of experiments to daytime practice. The resistance to compensate the negative 
impedance of the discharge at the HV power supply was reduced for each branch from 2.3 to 
1.6 ΜΩ. This allowed the total current for each branch to become 5 mA (in stead of 4) and 
yielded an improved stability during the scan so that night time measurements became possible 
extending the maximum duration of the experiments to 2 full days. The consumption of liquid 
nitrogen was somewhat increased and some higher rotational transitions became available at 
the expense of loosing some lower J values. Note that, to allow measurements over the 
complete frequency range, high demands were put on the alignment of the grating. 
3 The triple PA cell 
The triple PA cell is shown in fig 4.1 as part of the experimental arrangement. The three cells 
in series are separated by means of nickel coated brass plane walls of 5 mm thickness 
supporting Brewster windows. A small coupling of acoustic signal from one resonator to the 
next one is observed with an amplitude decrease of 104. To suppress the window signal the 
windows and the resonators are separated by buffers with a length of V* lambda (75 mm) and a 
radius of 60 mm (see Ch. 2 sect. 3.2.2). Note that the resonators partly (35 mm) entered into 
the buffer volumes reducing the actual distance between the end of the resonators and 
Brewster windows to 40 mm (see fig 4.1). The advantage is an overall shorter PA-cell. 
Extracavity experiments showed no deterioration of the suppression of window signal as 
compared to the position of the end of the resonator in the plane buffer wall (see fig. 2.3). 
As microphones, one 4179 B&K microphone (cell 1) and two Knowless EK 3024 
microphones (cell 2 &3) were employed. The 3 different resonators are described elsewhere 
(chapter 3) being a copper resonator with a polished gold coating (cell 1), a polished brass 
resonator (cell 2) and a polished stainless steel resonator (cell 3). Cell 1, containing the 
resonator yielding the lowest background signal and the most sensitive microphone, was 
positioned close to the grating since the intracavity beam waist was the smallest at that 
position. The cell containing the brass resonator was positioned in the middle and the stainless 
steel resonator was closest to the laser. 
Since only one chopper is used, the resonance frequencies of the cells must be equalized. 
The resonance frequency is strongly influenced by the 1 inch membrane of the B&K condenser 
microphone (see chapters 2 and 3). To obtain the same resonance frequency the length of the 
resonator of cell 1 (138 mm) is therefore 8 mm shorter then those of the other two cells which 
differ amongst each other by 0.3 mm. Small differences in resonance frequency still occurred 
and were corrected by a temperature control unit. A temperature sensor-heater unit was 
directly attached at the central part of each resonator. An up-shift in resonance frequency of 1 
Hz was obtained by a temperature increase of 0.5 °C (fKS « Г =* Afra =}^АТ fres/T; f„, = 
1120 Hz, Τ = 295 К). In practice a maximum temperature difference of 2 degrees was needed 
to obtain the same resonance frequency for all three cells. The average temperature of the 
triple cell was maintained a few degrees above room temperature. 
The triple cell was constructed as a composite system where the different parts could easily be 
exchanged. The three central sections were made of aluminium blocks (75 χ 150 χ 150 mm). 
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Inside the block a hole ( 0 50 mm) along the shortest dimension allowed to position the 
resonator. Three additional holes ( 0 40 mm) towards the center of the block were drilled 
perpendicular to the direction of the resonator. These allowed positioning of the microphone, 
the trace gas inlet and the temperature control unit on the central part of the resonator. The 
temperature sensor-heater unit was positioned outside the resonator. Two holes in the 
resonator permitted the connection of microphone and trace gas inlet to the acoustic 
resonance. The connections were sealed by o-rings to prevent acoustic leakage. Special inserts 
for the 2 types of microphone made them interchangeable. The inlet for the trace gas contained 
one Χ λ notch filter section to decrease the noise (see Ch 2 sect. 3.5). Except for the 
resonators all parts of the cell were easily accessible from the outside. The buffers were 
constructed of plain steel pipe with a thickness of 18 mm. The buffers of cell 1 and cell 3 were 
closed by a 20 mm thick aluminium Brewster window holders containing a length wise tunable 
column. The inner wall of the buffers was polished and coated with nickel to suppress wall 
adsorption of water vapour. For the same reason all applied o-rings were Viton. The weight of 
the triple cell was 50 kg (compared to 6 kg for the single cell of chapter 3). Generated by the 
chopper with the invar rods as intermediate the in phase mechanical vibrations were suppressed 
by rubber vibration dampers towards the triple cell. At acoustic resonance of the PA cell this 
still resulted in a constant background signal of 0.5 \iPa, at the same level as the noise 
(0.5 uPa/VHz) of cell 1. Around the triple cell an acoustic box is built. This box consists of a 
steel frame and mountable steel plates (2 mm thick) at the exterior. The inside is covered with 
acoustic damping material. The box is vibrationally damped suspended on the invar rod frame 
of the laser, independently of the photoacoustic cell mount. The noise level of the arrangement 
was improved by a factor 5 as compared to the setup containing only one PA cell (chapter 3, 
2.5 цРа/ Нг ). This is mainly due to the heavier construction of the triple cell. We did not yet 
reach the ultimate noise level 0.2uPa/vHz determined by the Brownian motion of the 
molecules in front of the microphone membrane. Contrary to our expectations this reduction in 
noise did not lead to lowered detection limits for the detector. As compared to the single 
intracavity cell the constant background signal was one order of magnitude higher for the triple 
cell arrangement (cell 1; 120 μΡαΛν, cell 2; 200 цРа/W, cell 3; 900 uPaAV). Unfortunately, 
the increased background level counteracted the improved noise situation. The reason might be 
found in the increased number of Brewster windows (from 2 to 4) of the triple cell in 
combination with the increased length of the cavity. The amount of scattering (number of 
windows) is increased while the effect on generating PA signal is enhanced (spreading out of 
the scattered radiation) due to the increased length. Note that the difference in background 
signal between the 3 cells is probably due to the different absorption and heat conduction 
properties of the wall materials (see table 3.2). 
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Fig. 4.2: Survey of absorption coefficients of ammonia, nitrous oxide, OCS, hydrogensulfide, 
dimethylsulfide, CS2 and methylmercaptan in N2 for the CO-laser transitions. Note that the 
peaks between 1400 and 1750 cm' may be due to water vapour absorption. The peaL· of 
nitrous oxide and OCS around 1525 cm' are due to C5j 
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4 Absorption coefficients 
The described set-up was employed to make a survey of the absorption coefficients of several 
biologically interesting gases. The fingerprint spectrum gave us an idea of the detection limit of 
the molecules and the interference between them. From the fingerprint spectra laser lines could 
be selected limiting the spectral overlap between different compounds. 
For this, the intracavity power at all the laser lines needed to be determined. The 100 % 
reflecting mirror was replaced by a 10 % outcoupling mirror. The intracavity power could be 
determined and we could correlate the intracavity power with the extracavity power monitored 
at the zero order reflection of the grating. For the measurements of the fingerprint spectra the 
100 % reflecting mirror was re-positioned. The cell constant of the ΡΑ-cells was determined by 
an extracavity arrangement employing a CO2 laser at the 10P14 line and flowing the cells with 
a calibrated mixture of 1.2 ppmv of ethylene in N2 (see Ch. 2 sect 3.1 for definition of cell 
constant). Trace gas mixtures were obtained by mixing pure gases with nitrogen down to levels 
ranging between 1 ppmv (for CS2) up to 1 % for C02. The conversion factor involved to 
determine the cell constant, the mixing of the trace gases and the intracavity power can result 
in an error for the scaling of the absorption coefficients of factor 2. The calibration of the ratio 
of zero outcoupling at the grating and the intracavity laser power could additionally result in a 
frequency dependent scaling error. 
Selection of the laser lines for the multi-component measurements on tomatoes was 
performed by using the obtained spectra as presented in fig 4.3. In between monitoring of the 
fingerprint spectra and the measurements on tomatoes the setup had been dismounted and 
scaling factors were affected. The absorption coefficients on the selected laser lines were 
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Table 4.1: Selected laser lines and absorption coefficients for multi-component analysis of 
CO2, C2H4, C2H6, Ethanol, Acetaldehyde and water vapour. 
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Fig. 4.3: Survey of absorption coefficients of water vapour, acetaldehyde, ethylene, ethane, 
carbondioxide, and ethanol in N2 for the CO-laser transitions. Note that the peaks between 
1400 and 1750 cm' may be due to water vapour absorption. 
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determined once more yielding different values (see table 4.1). Noteworthy are the different 
absorption strengths of the two ethylene absorption bands. In table 4.1 they were determined 
almost equally strong absorbing while in fig 4.3 they differ by a factor two. This is due to a 
calibration error of the zero order outcoupling factor at the grating. However, from fig. 4.3 
qualitatively an impression of the absorption spectra of water vapour, acetaldehyde, ethane, 
ethylene, ethanol and CO2 can be obtained. In table 4.1 absorption strengths on selected CO-
laser lines are given. These values are reproducible within 10 %. With an unchanged 
experimental arrangement the reproducibility is only affected by the error in the concentration 
of the gas mixture used for calibration. 
The absorption spectra for some compounds containing nitrogen or sulphur are shown in 
fig 4.2. In table 4.2 the extrapolated detection limits of some 20 biologically interesting gases 
are presented. The detection limits are deduced considering the laser power, the absorption 
coefficient and the noise and background signal of the photoacoustic cell. We assumed no 
interfering gases. For several gases a practical detection limit has been determined given by the 
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lOOpptv 
lOOpptv 
1 ppbv 
1 ppbv 
1 ppbv 
1 ppbv* 
1 ppbv** 
1 ppbv 
1 ppbv 
3 ppbv* 
ЗррЬ 
10 ppbv 
1 ppmv 
1 ppmv* 
6 pptv 
14 pptv 
250 pptv»' 
40 ppbv 
Table 4.2: Extrapolated 
detection limits for 20 
biologically interesting 
trace gases in N2 assuming 
no interfering background 
gases. 
* Harren et al. 
(Photoacoustic)6 
** De Vries et al.21 
(Photothermal deflection) 
* Practical detection 
limits for the gases 
CH3COH, C2H4, CH3CH2OH, 
and C02, are: <1 ppbv, 2 
ppbv, 10 ppbv, and 1 ppmv, 
respectively. 
** Practical detection 
limit for CH4 in N2 or in 
humidified air is 1 ppbv: in 
dry air 10 ppbv ( see 
Ch. 3 sect. 2.2.2) 
***Practical detection 
limit H20 10-100 ppbv. 
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reproducibility of subsequent measurements. From the measurements on tomatoes in this 
chapter and on insects in chapter 3 some practical detection limits have been deduced, 
presented in table 4.2. 
5 Multi-component calculus 
For multi-component analysis the absorption of a gas mixture was determined tuning the 
grating to several laser lines. The monitored PA signals normalized to the intracavity laser 
power were proportional to the absorption. If the absorption coefficients at the laser lines of 
the gases under investigation are known, the concentrations can be calculated by making use of 
the mathematical formalism presented in this section. First, the standard multi-component 
quantitative analysis is presented. Determining concentrations by PA was improved by a small 
modification of this standard analysis. 
At a fixed laser Une the absorption can be decomposed into the contributions from 
different gases and contribution from the background. For practical convenience no distinction 
is made between the background signal and the gases. In the ideal case the measured spectrum 
α should be equal to a calculated spectrum α 
<*;= Σ <VC« f o r S = 1 G ™ т G- L ( 1 ) 
s= ι 
with a; the calculated absorption on laser line /, <s¡g the absorption coefficient of component g 
on laser line I, cg the concentration of component g, G the number of components and L the 
number of laser lines. For multi-component analysis it is preferred to obtain an overdetermined 
system (G < L) In this way more information is obtained on the gas mixture resulting in more 
accurate results14. 
From the measured absorption spectrum <x an optimal gas concentration mixture с can 
be deduced. For that goal a theoretical absorption spectrum α is created according to equation 
1. The difference between the measured and the calculated spectrum is expressed in a residual 
ρ, = ri, — α,. Minimizing the residual in a least squares fit 
¿Ρ? 
/= ι 
results in an expression for the concentrations 
c= (Σ + -Σ)" ' ·Σ + ·α 
where the columns of matrix Σ are formed by the vectors σ containing the absorption 
coefficients of the gases on the laser lines used for the analysis. The dagger indicates the 
transpose of a matrix. In the measured absorption spectrum the strong absorptions are equally 
weighted as compared to the weak absorptions. This is a proper way of determining the 
concentrations if the uncertainty in the signals is independent of the signal amplitude. 
In PA, however, during a measurement signals are above the limiting noise of the 
detector (laboratory noise or microphone noise) and noise sources are linearly dependent on 
the measured absorption amplitude. Causes are, for example, irreproducibility of stepper motor 
or laser power instability. The absorptions on all laser lines should therefore contribute equally 
to 
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the determination of the concentrations. We therefore propose minimizing the normalized 
residual 
This results in a modified expression for calculating the concentrations 
c= ( ψ + · ψ ) ~ ' · Ψ + · 1 
with ψ
ί ; = a / g / ä , and 1 a vector of length L containing ones. This calculation resulted in 
higher reproducibility of the concentrations performing subsequent measurements on steady 
state gas mixtures. 
6 Trace gas flows for measurements on cherry tomatoes 
Experiments were performed on trace gas release of cherry tomatoes under anoxic and aerobic 
conditions with the arrangement shown in figure 4.1. The change in condition was obtained by 
admitting 0 2 to a N2 flow either before (aerobic) or after (anoxic) the cuvette containing the 
tomato. As explained Ch. 2 sect. 5.2 the resonance conditions for the PA cell were left 
unchanged in this way (20 % 02, 80 % N2). The flow of 02 was first led over a catalyser 
consisting of A1203 pellets kept at 500 °C. All hydrocarbons were there converted into H20 
and C02. Since among other gases our interest concerns the C02 release from the tomatoes 
C02 was removed by a KOH scrubber before the gas was led to the sampling cuvette. After 
admitting 02 to the N2 the total flow rate was 6 1/hr. As tubing material between the sample 
and the resonator FEP teflon was employed. Although electro-polished stainless steel is a 
better material to obtain a low water vapour signals to our knowledge FEP teflon shows 
overall the best performance when the detector is to be applied for monitoring a number of 
compounds with different adsorption properties. 
Spectral selectivity is aided by selective trapping. For that purpose the trace gas flow 
from the sample is split into three branches. The flows were led over different temperature 
levels of a cooling trap (see fig 4.4). Since all three branches had approximately the same flow 
resistance an equal partitioning was realized of approx. 2 1/hr. On the other hand partitioning is 
not very critical since it does not affect the concentrations in the carrier flow. The measured 
concentrations in the photoacoustic cells are only slightly affected by the flow rates through the 
resonators (see chapter 3). 
Measurements on the cuvette containing the tomato were repetitively interchanged by 
those on an empty cuvette. After one cycle of determination the absorption on the selected 
laser lines (see table 4.1) a switch was made allowing the resonators to be filled with the gas 
from the other cuvette. The signals of both cuvettes were subtracted to yield the release from 
the tomato. Just after switching a waiting period of 80 seconds was respected to allow the 
trace gas to reach and fill the resonators. This was ample time since at a flow of 1 1/hr the 
resonator could be refilled in only 40 seconds. 
The cooling trap consists of a dewar containing four interconnected metal plates ( 0 180 
mm) at a distance of 150 mm (see fig. 4.4). The upper three are made of 5 mm thick 
aluminium, while the lowest plate is made of brass (20 mm thick). Brass was chosen for the 4-
fold larger volume of the lowest plate to increase the temperature stability especially for this 
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Fig. 4.4: Cooling trap; 1, entrance 
of trace gases; 2, water vapour 
deposit tubes; 3, 4 and 5 
aluminium plates (5 mm thick) at 
temperatures of and 255, 200 and 
150 K; 6; brass plate (20 mm 
thick) kept at 80 K; 7, outlet of 
trace gases towards Triple PA cell; 
8, teflon jacket to avoid cold 
nitrogen vapours due to refilling 
affect the temperature of the trace 
gas flows aluminium plate at 255 
K; 9, dewar (200 mm i.d, 700 mm 
height); 10, aluminium block at 
constant temperature; 11, 
connection between block and 
brass plate with constant 
temperature gradient, 12, Liquid 
nitrogen reservoir. 
level during refilling of liquid nitrogen (specific heat constant c
v
 for brass = 3 χ c
v
 aluminium). 
Below the brass plate a temperature sensor triggered refilling, that took place in the same way 
as described for the laser cooling. For the trap this resulted in a refilling period of 
approximately 5 hours. Four aluminium blocks were connected to the brass plate and were 
partly submerged in the liquid nitrogen at the bottom. The temperature gradient along the 
length of the blocks was small due to the high thermal conductivity of aluminium. The thin 
brass connection between the blocks and the brass plate yielded a constant temperature 
difference. The temperature stability was augmented by 3 control units containing a 
temperature sensor and a heater at the plates. The temperatures of the plates stayed constant 
within 1 К during refilling. 
Only the top level was not temperature controlled and a change of temperature of 10°C 
was observed during refilling. This level, at a temperature of approximately -20 ° C, served to 
take out the major portion of water vapour. The diameter of the tubing at this part of the trap 
is increased to 8 mm thereby giving space for the water vapour to be deposited in the form of 
ice. This part of the cooling trap is easily accessible; it can be cleaned every day. 
All three flows coming from the sample first pass the top-level and then are led to the 
different cooling levels of the trap separating the gases on their partial vapour pressures (see 
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A 
В 
Pioo 
Ρ150 
Ρ 200 
Acetaldehyde 
CH3CHO 
1678 
8.757 
(<20 ppt) 
3.7-10-3 
2.3 
Ethanol 
CH3CH2OH 
2258 
9.338 
( « 1 ppt) 
1.9-10-6 
l . l- lO - 2 
Ethane 
C2IÍ6 
238.76 
3.37 
9.6 
60 
150 
Ethylene 
C2H4 
751.9 
7.330 
0.65 
208 
3720 
Cardon dioxide 
C0 2 
1367.3 
9.908 
2-Ю-4 
6.80 
1200 
Water vapor 
H 2 0 
2865.2 
11.58 
( « 1 ppt) 
310- 8 
I.8IO- 3 
Table 4.3: Trapping properties for ethylene, ethane, acetaldehyde, water vapour, CO2, and 
Ethanol. Approximate vapour pressures Pjare given in Torr and were obtained from the 
formula: 
where Τ is the temperature in К and A and В are given by the table above. 
table 4.3). Flow 1 (100 K) is led over the lowest level of the cooling trap; next to remaining 
water vapour also ethanol and acetaldehyde are frozen out; ethylene and ethane pass the trap. 
CO2 produced by the tomato in relatively large amounts might obstruct the flow at the lowest 
stage. Therefore it is removed by KOH before this level of the cooling trap is entered. Flow 2 
is led to the level kept at a temperature of 150 K. For this flow residual water vapour and 
ethanol are ideally reduced to concentrations of about 40 pptv and 3 ppbv while acetaldehyde, 
ethylene, ethane and C0 2 can pass freely at ppmv level. This flow is led the resonator of cell 2. 
Flow 3 is fed over a level of 200 К where also ethanol can pass and enters the resonator of cell 
3. Only residual water vapour is taken out. After some time (2 days) the tubes leading to the 
different cooling levels become obstructed due to freezing. Each level therefore contains two 
spare tubes which could be connected without defreezing the trap. After operation for a week 
the trap was warmed up to clear the trace gas flows. The lifetime of the trap is comparable to 
the limiting time of laser operation. 
The FEP tubing inside the trap for the three trace gas flow amounted each to 0 1.6 mm 
χ 1.5 m. After the trap towards the three resonators tubing of 0 0.8 mm χ 1.5 m was applied. 
Atmospheric water vapour can permeate the teflon tubing and therefore a dried flow of 
nitrogen is conducted along the outside of the trace gas tubing. 
The flow for the buffer volumes to reduce the effect of backdiffusion (as discussed in Ch. 
3 sect. 2.2.3) is led over the lowest temperature level. 
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7 Gas exchange of Cherry Tomatoes under aerobic/anaerobic conditions 
7.1 Introduction 
Physiological processes in plant tissue often occur simultaneously with characteristic gas 
releases to the surrounding atmosphere. Their study requires a fast analysis of the 
concentration of these gases in the air surrounding e.g. a fruit under investigation. Our choice 
has been the tomato; specifically its induced and interrupted fermentation were addressed by 
means of measuring the ethanol (EA), acetaldehyde (AA), ethylene and C02 releases, 
simultaneously. 
The influence of AA on ripening fruit has been studied systematically, in the last 10 years 
(see ref. 13 and references therein). AA has been applied either externally or produced in an 
endogenous fashion during (nearly) anaerobic periods typically lasting for 24 h. Ripening 
appeared to become delayed without loss of quality, very often. Tasting boards even concluded 
that for pears the taste had improved. No mentioning was made as to the role of AA produced 
massively at the end of an anaerobic period; it could be that delay of ripening is mainly due to 
this upsurge of concentration. 
Anoxic conditions lead to fermentation so that the fruit is provided with energy though 
less efficiently than through normal aerobic respiration. Restored normal oxygen levels permit 
again respiration, with H2O and CO2 as final products. The re-entering oxygen, however, finds 
a tomato that has changed its metabolism entirely and has accumulated EA at high 
concentrations. This impact leads to (post-anoxic) injury that in the extreme case can cause the 
destruction of cell membranes and cell death. Our most striking observation was the about 
tenfold sharp increase of AA, attributed to the oxidation of EA to the toxic AA (CH3COH). 
All other changes have a more gradual character like the decrease of EA levels. Interestingly, 
this jump of the AA level possesses a counterpart. If anoxic conditions are restored - after an 
aerobic period - the A A level drops an order of magnitude, within some minutes. 
Ethylene, too, is produced after return to aerobic conditions at the end of anoxia. The 
pathway by which ethylene leaves a tomato (for about 90% through the stem-scar region) has 
been addressed by a number of careful investigations15. Ethylene is a gas barely soluble in 
water, this quite in contrast to E A and AA (see table 4.4). Encouraged by Edna Pesis of the 
Volcani Center, Israel, we undertook an experiment where aerobic/anaerobic conditions were 
established either at the coronet or around the pericarp; release of gases and volatiles was 
measured independently, at both sites. Typically and remarkably, clear and strong changes of 
AA levels were recorded upon changes between anaerobic/aerobic conditions at both the stem 
scar site and the pericarp. 
7.2 Method 
Measurements were performed employing the photoacoustic setup presented in fig. 4.1. 
Fifteen laser line transitions were selected for the analysis (see table 4.1). A full cycle of 
measuring and positioning the grating on these lines took about 15 min. The carrier gas was 
led through the tomato cuvette, split and conducted over one of three cooling traps (100K, 
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computer program calculated the concentration of the four chosen gases for both the tomato 
and the control cuvettes. The matrix calculation (see section 5) involved additionally С2Нб, 
H 2 0 and a background signal. 
After a number of these cycles the initial composition of the gas (80 % N2, 20 % СЬ) in 
contact with the tomato was changed. Instead of admitting oxygen to the entrance port of the 
cuvette to simulate normal aerobic conditions, the oxygen was added to the flow at the exit of 
the cuvette (see fig 4.1); thus the tomato was exposed to anoxic conditions and fermentation 
started. The procedure was repeated, forward and backward; the effect of (lack of) oxygen 
was directly observed. All the experiments were conducted in a lighted laboratory. 
Unfortunately, we encountered some experimental problems to detect EA with high 
sensitivity and good signal stability. These difficulties occurred specifically for the gas flow 
through the cooling level 3, kept at a temperature of 200K (see fig. 4.7). Repeated filling of the 
cooling trap with liquid N2 (every 6 hours) introduced a spike in the signal of the empty 
cuvette. For this reason the experimental points obtained for the tomato cuvette during the 
cooling trap filling cannot be corrected for background and are not shown, therefore. 
In the last set of experiments we addressed the question of various gas exchange 
pathways. For that purpose a single tomato was placed in a special cuvette. A flow was led 
over the stem scar region and one along the outer pericarp (see fig 2.14 for the names of the 
different parts of a tomato and fig. 2.15 for the shape of the cuvette). Oxygen could be added 
to the N2 flows independently before and after the tomato. In this way, the changing of 
(an)aerobic conditions could be applied to the stem scar region or to the pericarp (epidermis), 
independently. The measuring consisted, therefore, of three cycles: the stem-scar, the pericarp 
and the empty cuvette. 
7.3 Material 
Measurements were performed on cherry tomatoes from Israel (Carmel - Sulat, January 
product). These tomatoes were bought without coronet, of light-red color and of good 
firmness. The average fresh weight (FW) was about 7 g. During the anoxic periods the fruit 
was exposed to pure N2, flowing through the cuvette at a rate of about 6 L/h. Aerobic 
conditions were established by admixing 20% of oxygen. Note that CO2 was removed and no 
significant amount of humidity was supplied by the carrier gas flow. 
The measured concentrations displayed in fig. 4.5-8 lead to production rates, 
pmol/h/gFW, by multiplication with 6/(7 24) (61/h, 7gFW, 24 liter for 1 mole). Thus, 1 ppbv 
per tomato corresponds to 36 pmol/h/gFW. 
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Concentration 
(PPb) Ethylene 
ι f Γ Ι"' ΤΤΤΤΤιΤι 
0 2 4 6 8 10 12 14 
Time (h) 
Fig. 4.5: Aerobic to anaerobic transition. AtOh three cherry tomatoes were placed into a 
cuvette with 80 % N2+2O % Oiflow; at 5A Oiflow was switched from the entrance to the exit 
port of the cuvette; at 14.5 h Oiflow was re-admitted to the entrance port of the cuvette. Each 
data point shown was obtained by subtracting the respective gas concentration calculated for 
the empty cuvette from that for the tomato cuvette. 
7.4 Results 
7.4.1 Aerobic to anaerobic transition 
Switching of the gas flow over the tomato from air (80% N2 + 20% 02) to pure N2 
resulted in anaerobic conditions and the respective changes in the tomato metabolism are 
manifested by changes in the production rates of most of the measured gases, ethylene, 
acetaldehyde (AA), ethanol (EA) and C02. 
The effects of applying anoxic conditions 3 h after placing three cherry tomatoes 
together in the cuvette are shown in fig 4.5. Ethylene production decays from 10 ppbv to 
below our detection limit (1 ppbv) with a time constant of about 0.5 hour. The EA 
concentration rises continuously during the anoxic period. After 10 hours of anoxia the change 
is 8-fold, from 100 ppbv to 800 ppbv. The AA concentration rises with a much slower rate, 
reaching 8 ppbv after 11 h of anoxia. Within our noise limit (< 1 ppbv) we do not detect AA at 
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Fig. 4.6: Anaerobic to aerobic transition. At 0 anaerobic conditions were established in a 
cuvette with three fresh cherry tomatoes; at 10.2 h aerobic conditions were reinstalled. 
Between 17-19 h the laser was turned down. 
normal aerobic conditions. CO2 production slowly decreases from 110 ppmv to 70 ppmv 
during the 8 hours of anoxia (data not shown). 
7.4.2 Anaerobic to aerobic transition 
Three fresh cherry tomatoes (different from those used to obtain the results of fig. 4.5) were 
kept under 100% N2 flow for 10
 h
 before switching the 0 2 flow to enter the cuvette. Switching 
was undertaken during the measurement on the empty cuvette and 2 minutes prior to the start 
of the measurement on the tomato cuvette. The results are presented in fig. 4.6. 
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This re-exposure caused an increase of ethylene production, from below the detection limit to 
15 ppbv, with a time constant of about 1 \ 
AA shows a more than a tenfold increase of concentration, from 4 to 52 ppbv within 15 
minutes after the time when oxygen was introduced into the cuvette. The AA level remained 
constant during the following 6 hours. 11 hours after re-establishment of aerobic conditions the 
AA level decreased slightly (55 ppbv -*• 40 ppbv). 
The EA response was less pronounced; the production increased during 0.5 hours after the 
onset of aerobic conditions but decreased steadily thereafter, reaching 100 ppbv - the level we 
found previously under the original aerobic conditions. 
C02 production increased from 65 to 80 ppmv; however, a decrease to 74 ppmv is observed 
10h later. 
Referring to fig. 4.5, we can state with confidence that the observed upsurge (14.5 h ) in AA 
and ethylene are true responses of the tomatoes to the sudden restoration of aerobic 
conditions. 
In a different experiment with cherry tomatoes under post anoxic conditions (fig. 4.7) we 
find a different AA behavior. The AA level further increases (from 15 ppbv to 25 ppbv) after 
the initial upsurge; at 15 h a broad maximum is reached and then a linear decrease follows 
during the next 5 hours. 
7.4.3 Repeated aerobic to anaerobic transition 
In an attempt to gain more insight into the "switching" between aerobic and anaerobic 
metabolisms we changed repeatedly between air and N2 flows over three new cherry tomatoes 
placed in the same cuvette (fig. 4.7). Here, we will concentrate on the behavior of AA, EA and 
CO2 
At 22h the anoxic conditions were reinstalled while the tomatoes were in a post-anoxic 
'recovery' period. This resulted in an abrupt decrease of the AA concentration, down to zero 
within 0.5h. We explain this result by a very fast conversion of the AA (present in the tissue) to 
EA. 
Considering our sensitivity (10 ppbv) to ethanol, it is not surprising that we do not 
observe a sharp rise of EA corresponding to the sharp drop (about 15 ppbv) of AA. At the 
onset of a repeated anoxic period the phenomenon of a very fast AA consumption reproduces 
two more times, in fig. 3a at times 23.5h, 30.6h, 46.5h. Following the sharp decrease in AA, the 
emission resumes its ' normal' value. 
The CO2 production reveals a more or less constant pattern through the cycle of 
changing conditions: air -* N2 -*• air At the start of the experiment under aerobic conditions 
the respiration of the tomatoes yielded 46 ppmv. Each transition to anoxia was accompanied 
by a peak production of C02. After the first onset of anoxia the peak height was 54 ppmv, i.e., 
about 20% increase above the normal rate. Within 1 hour or less the C02 level started to 
decrease and stayed at 36 ppmv level until the next change of external conditions. At 12h , after 
continuous measurement the C02 signal in the empty cuvette started to rise (see also at 40"; at 
23h the cooling trap was exchanged). This rise was an artifact, attributed to increasing vapour 
88 Chapter 4 
Concentration 
50 
40 
30 
20 
10 
0 
500 
400 
300 
200 
100 
0 
60 
40 
20 
(ppb) Acetaldehyde 
I • ' ' ' I > • • • I * • • • I * • • • I • • • ' I ' ' ' ' I • ' ' • I ' • ' * I 
(ppb) Ethanol 
\У\~
к
Л]*^/отс^ V j v I 4 — " 
I • ' ' ' I ' • • • I • • • • I • • » » I • * ' • 1 • • • • I • » • * I • • • • I 
(ppm) CO, 
- \ 4
 VAju ^ 
11111111 ifTui f 111 i j i i 11 |"i ПТ JITI if 11мТпТГрТ 
О 5 10 15 20 25 30 35 40 45 
Time (h) 
Fig. 4.7: Repeated aerobic to anaerobic transition. Anaerobic conditions were applied at 
times 4 \ 23 \ 30.4 *, 46.3 h; aerobic - at 10.2 \ 26.0 \ 34.5 \ The signal from the empty 
cuvette is also shown; the data for tomato cuvette have to be corrected for background. At 24 
* the cooling trap was exchanged; the measurements resumed at 26 \ Only in the ethanol 
measurements, spikes appear. They are the consequence of refilling the cooling trap. 
pressure of the CO2 trapped on the cold (150 K) surface of the trap. Therefore, the broad 
maximum in C0 2 emission during the post-anoxic period (centered at 14h) should be discussed 
with some caution. Nevertheless, the rise in C0 2 production after a switch at 12
h
, 27h, and 36h 
was real and reflects a resumption of aerobic respiration. Note that each re-admission of air is 
also accompanied by a small peak in C0 2 production. 
7.4.4 Distinction between stem-pericarp gas-exchange 
The results of an experiment in which anaerobic conditions were applied at 5.2h to the stem 
scar only, are shown in fig 4.8. 
Low and equal levels of AA are produced by the pericarp and the stem regions. After 10 hours 
of anoxia the AA emission from the pericarp becomes higher than that from the stem scar. 
Thereafter, the AA level showed a trend to slowly diminish its concentration. Re-admitting 
oxygen at the stem scar site (at 18.2h) caused the already described upsurge of the AA level. 
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Surprisingly, the release through the pericarp exceeded that through the stem scar. The AA 
level above the pericarp stayed high dunng the following 7 hours and then slowly decreased, 
while the AA stem scar concentration dropped much faster to zero. The subsequent (23.4 h) 
switch to anoxic conditions at the pericarp didn't result in fast responses. 
EA exchange from the start of anaerobic conditions occurred solely through the pericarp 
(about 100 ppbv); the contribution of the stem scar is negligible within our noise limit (see fig. 
4.8). No sudden changes were observed when switching back to air at the stem scar. 
Contrary to EA and AA, the CO2 exchange during anoxia occurred preferentially through the 
stem scar. There was a slow decrease in CO2 production during the anoxic period: from 21 
ppmv to 15 ppmv and from 18 ppmv to 11 ppmv through the stem and the pericarp, 
respectively. The return to aerobic conditions at the stem is accompanied by a rise in 
respiration, both through the stem and the pericarp with the rates of C0 2 production becoming 
similar within 1 \ 
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Fig. 4.8: Distinction between stem-pericarp gas-exchange. A single cherry tomato was placed 
at time & in a special cuvette (see fig. 2.15) under aerobic conditions at both the stem scar 
and the pericarp. At 5.2h 100% N2 flow was applied to the stem scar inlet only; at 18.2h 
aerobic conditions were reinstalled. The upsurge in AA signal is equally strong at the 
pericarp and above the stem. At 23h anaerobic conditions were applied at the pericarp only; 
no sharp responses were observed at both sites. 
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7.5 Discussion 
7.5.1 Aerobic conditions 
During normal aerobic ripening of isolated tomatoes physiological processes are marked by the 
release of gases. Most famous is the increase of ethylene emission during the so called 
climacteric phase accompanied by a less pronounced but still very significantly increased CO2 
emission attributed to enhanced respiration of the fruit16. The maximum of climacteric 
respiration is observed while the fruit is between its mature-green and orange stage. The post­
climacteric decay of CO2 emission goes together with loss of firmness and production of EA. 
The main pathway for gaseous exchange has been shown to be the stem-scar; 82.5% 
(95%) of the total ethylene emission has been observed at the coronet site, for green (red) 
tomatoes. The corresponding values for the CO2 release are 62.5% (78%)15. These results 
show (i) that the relative importance of the pathways changes during ripening and (ii) that the 
percentages are gas dependent. The latter fact is not too astonishing because one may imagine 
a tomato as a structure with gas-spaces (i.e. the possibility of fast gas diffusion) especially 
around the stem scar region (see fig 2.14). The rest of the fruit consists much more of water-
filled spaces where the diffusion e.g. of ethylene occurs at a 104 times lower rate (see table 
4.4). In comparison to ethylene, CO2 is soluble 10 times better in water (last column of table 
4.4 ). It is therefore plausible that the relative amount of CO2 released through the pericarp is 
larger i.e. 60-80%. 
The relative EA & AA release through the pericarp is marked by another factor of about 
4000 of increased density of molecules in water as compared with the gas phase. Therefore 
one expects even higher fraction of these volatiles to be emitted through the pericarp. 
Before the tomatoes have undergone their first anoxic treatment, however, the overall 
production rate of AA was too low to yield an observable signal. The ethylene concentration, 
during normoxic conditions, assumed a value of about 30 ppbv corresponding to an emission 
rate of 0.37 nmol/h/gFW, for the applied flow of 6 1/h and three cherry tomatoes with a total 
fresh weight of 20 g. The average C0 2 concentration during normoxic conditions (100 ppmv) 
yields a respiration rate of 1.25 μιηοΙ/h/gFW. Our values agree with those reported17 for 
cherry tomatoes in the red stage: 0.85 nmol/h/gFW and 0.92 μιηοΙ/h/gFW for ethylene 
evolution and respiration rate, respectively. 
7.5.2 Anoxia 
Normal respiration involves oxidation of sugars to release energy needed for the maintenance 
and development of plants. It can be summarized in the equation: 
QiHuOe + 60 2 -+ 6CO2 + 6H2O + energy 
The absence of oxygen prevents the complete oxidation of sugar molecules and the plant 
recovers the necessary energy from sugars by fermentation. The overall process is: 
glucose ->• 2 pyruvate ->• acetaldehyde -• ethanol 
QH12O6 ->CH3COCOOH -»• CH3COH ->• CH3CH2OH 
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Gases & Volatiles 
C2H4 
CH4 
O2 
N2 
CO2 
СгНб 
ethanol 
acetaldehyde 
acetone 
Diffusion coefficient 
in air (m2/s-10~5) 
1.63 
2.16 
2.2 
2.12 
1.55 
1.48 
1.35 
1.13 
Diffusion coefficient 
in water (m2/s-10-9) 
1.09 
1.88 
2.33 
2.16 
1.65 
1.52 
1.24 
*** 
1.28 
Bunsen coefficient 
0.11 
0.033 
0.027 
0.015 
0.824 
0.047 
(4000) 
** 
Table 4.4: Solubilities of gases (liquids) and diffusion constants at room temperature. 
The efficiency of mis process, however, is extremely low, only 2.5% as compared to normal 
respiration. The production of AA from pyruvate and the subsequent reduction of AA to EA 
are catalyzed by the enzymes pyruvate decarboxylase (PDC) and alcohol dehydrogenase 
(ADH), respectively. 
Anaerobic conditions occur in nature during flooding, the first hours of seed germination 
and ripening of bulky fruit. Most plants are able to adapt to short periods of anoxia. Long 
periods of anoxia, however, are fatal to the majority of higher plants. Accumulation of 
fermentation products (lactate, EA, AA) is considered to be an important factor defining the 
degree of plants' tolerance to anoxia. The relative toxicity of e.g. ethanol and AA is still under 
debate. 
Our measurements show a nearly linear increase in EA production starting within 1 hour 
after the onset of anoxic conditions. We suggest that this rise indicates a switch to ethanolic 
fermentation within the tomato. After 6 hours of anoxia the EA emission (fig. 4.7) reaches 4 
nmol/h/gr FW (200 ppbv). The rise in EA production during the third anoxic period is similar, 
however, it seems that the delay is smaller than 1 h. Anaerobic conditions stimulated ethanol 
synthesis in mature-green tomato fruit18 and were shown to inhibit ripening. 
The difficulty to compare our results with those found in the literature is due to the 
inherently different measuring technique. In most of the studies, relatively long incubation 
times are needed in order to reach the detection limit of a GC (about 1 ppmv); the measured 
values yield the integral of EA & AA release, while our measurements yield directly the 
emission rate. 
AA, the precursor of EA, is emitted with a much larger delay; it becomes detectable (>1 
ppbv) 3.5h after the first time of change to anoxia (see fig 4.5 and first switching to N2 in fig 
4.7). The low (see Table 4.5) and constant AA/EA during anoxia, suggests a rapid and 
efficient conversion of AA to EA, avoiding thus the accumulation of the toxic metabolite AA. 
The sharp drop in AA concentration at the onset of a repeated anoxic period (fig. 4.7) alludes, 
as well, to a fast production of EA from the accumulated AA during the preceding post-anoxic 
period. Qualitatively, the low AA/EA ratio (~102) found" in germinating Muskmelon seeds 
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after 6h of imbibition, supports the suggestion that AA is converted rapidly to EA by ADH 
which is present in sufficient amounts already at the onset of anoxia. 
Anaerobic oxidation of 1 mole glucose to EA produces three times less C0 2 than aerobic 
respiration. Often, the production of CO2 by plant tissue is not lowered by anaerobic 
conditions. This is a sign that glycolysis (breaking of sugars to produce pyruvate) activity has 
been increased at least threefold. The increase in respiration under extreme hypoxic and anoxic 
conditions, known as the 'Pasteur effect', is thought to play an important role in the adaptation 
of plants to anaerobic conditions. C0 2 evolution in cherry tomatoes after 6 hours of anoxia is 
reduced by 20% instead by a factor of 3, representing indeed an increased rate of glycolysis. 
Each onset of anoxic conditions is marked by a small peak in C0 2 production. It 
becomes less intense and lasts a shorter time at the second and third onset of anoxia (see fig 
4.7). It is reasonable to assume that adaptation to anoxic metabolism takes more than 0.5 
hours. More detailed research is needed to account for the fast responses of plant tissues to 
changing environmental conditions. The PA technique appears to be well suited for that 
purpose. 
Ethylene production cannot take place without oxygen supply. Oxygen is needed for the 
last stage of ethylene biosynthesis (АСС-^СгНі, see also Ch. 2, sect 5.1 and ref 20 ). The 
observed decay of ethylene production is, therefore, determined by (at least) two processes: (i) 
oxygen consumption within the tissue e.g. by the reaction with ACC and (ii) oxygen and 
ethylene diffusion out of the tissue. The decay of C2H» production within 0.5 h from the onset 
of anoxic conditions is in agreement with previous results12 (see also Ch. 2 sect. 5.3). 
Ethane is a product of lipid peroxidation, signaling disintegration of cell membranes. In 
the extreme case, lipid peroxidation may cause death of the cells21. We did not observe any 
ethane production. This leads us to the conclusion that the applied anoxic stress in our 
experiments did not cause substantial injury to cell membranes of the tomato tissues. 
7.5.3 Post-anoxia 
Post-anoxic injury, known also as "reperfusion injury" is well documented in human and animal 
systems. In plants, post-anoxic injury may occur in natural conditions following flooding, 
soaking of seeds, and exposure to air of fruit stored under hypoxic conditions. 
The principal mechanism of post-anoxic injury is through the highly reactive superoxide 
radical (0 2 ), the first intermediate in the reduction of 0 2 and a precursor of other toxic 
intermediates. Living cells evolved mechanisms to protect themselves from oxygen toxicity. 
Ascorbate (Vitamin C) is an example of an antioxidant which acts as an electron acceptor and 
is able to scavenge free radicals. 
It was suggested by Monk et al22 that post-anoxic oxidation of anaerobically 
accumulated ethanol may result in an upsurge of acetaldehyde production, which in turn, could 
have a toxic effect on the recovering tissues. Two main pathways for the oxidation of ethanol 
to acetaldehyde have been proposed: a fast peroxidation of ethanol by the enzyme catalase and 
a slow back-reaction of ethanol with ADH. 
Our results clearly indicate the existence of a fast (<0.5h) upsurge in AA production as a 
response to re-installation of aerobic conditions. The AA/EA ratios for the different conditions 
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are summarized in Table 4.5. Note that in general, there is a direct correlation between the AA 
produced immediately (within our time resolution) after the re-admission of oxygen and the 
EA produced just before switching to aerobic conditions; the ratio AA (post-anoxic) / EA 
(anoxic) is in the 2-10% range, with the exception of the stem emission where the ratio reaches 
26%. The slow rise in AA concentration in fig. 4.7 during the repeated anoxic periods brings 
the AA/EA ratio to 32% and 50% after 5 hours in the 1st and the 3rd post-anoxic periods, 
respectively. At this time, the ethanol production rate has already decayed to its 'normal' pre-
anoxic level. In order of magnitude similar AA/EA ratios were reported by Monk et al22 for 
anoxia intolerant monocotyledonous species. In particular, the role of ADH in the reverse 
ethanol-^acetaldehyde reaction was considered. The fast (<0.5 h) increase in acetaldehyde 
upon re-exposure to air helped to rule out ADH as the main catalyst for the reverse EA~»-AA 
reaction. Based on our time-resolved measurements, we estimate that a tenfold increase in AA 
production may occur within <l-5 min after re-exposure to air. Future experiments are planned 
to fully exploit the advantages of PA for a fast (30 sec) time-resolved AA detection from plant 
tissues (measuring on 2 laser lines only). 
AA production in fruit following hypoxic conditions may have an important commercial 
aspect. AA vapour was found to inhibit tomato ripening when applied prior to storage13. 
Application of N2 atmosphere or CO2 at different concentrations for a short period of time 
resulted in an extended shelf life of tomatoes and various other fruit. The inhibition of ripening 
was associated with increased levels of AA and ethanol in the tissue and decreased activity of 
PG (polygalactunorase, a fruit enzyme). The anaerobic atmosphere in these experiments 
consisted, however, of 98% N2 + 2% 0 2, as compared to our treatment with 100% N2. AA/EA 
ratio of 10% was measured13 after 1 day storage in air at 20CC, following 24 h treatment with 
98%N2+2%02. It should be compared with our corresponding ratios of 3.5-7% (Table 4.5) 
measured during the post-anoxic period. 
gas 
concentration 
fig 4.5 
3 tomatoes 
fig 4.6 
3 tomatoes 
fig 4.7 
3 tomatoes 
fig 4.8 
1 tomato 
normoxic period 
(before the onset of 
1 s t anoxic period) 
AA EA 
(ppb) (ppb) 
0 100 
0 0 
0 70 
stem: 0 0 
pericarp: 0 0 
anoxic period 
(at the end) 
AA EA AA/EA 
(ppb) (ppb) 
7.5 800 IO"* 
4 600 6IO- 3 
1st 2.3 200 W~2 
3 r d 1.8 200 IO" 2 
1.1 25 4-10-2 
3.4 92 410- 2 
post-anoxic period 
(at the onset) 
AA EA AA/EA 
(ppb) (ppb) 
26 630 4-10-* 
50 700 710-* 
14.5 200 7·1<Γ2 * 
17.7 240 7-ΚΓ2 ** 
6.5 15 0.4 
9.5 121 8 1 0 - 2 
length of 
anoxic 
period 
(hours) 
11 
10 
6 
8 
Table 4.5: Summary ofAA and EA concentrations (ppbv) in aerobic/anaerobic conditions. 
* AA/AE increased to 0.3 5 hours after the onset of the post-anoxic period. 
** AA/AE increased to 0.5 5 hours after the onset of the post-anoxic period 
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EA concentration slowly decays to normoxic levels after re-exposure of the tomatoes to air; 
the decay time correlates with the length of the anoxic period. Several dynamic processes may 
be responsible for the observed decay rate: (i) the diffusion rate of EA within the tomato 
tissue, (ii) the diffusion of oxygen into the bulky tissue and (iii) the metabolism of ethanol 
under newly established normoxic conditions. Recently, it has been shown23 that ethanol can 
be metabolized efficiently in tobacco leaves under normoxia. Aerobic re-utilization of ethanol 
in the general metabolism was suggested24 to proceed through the conversion of EA to AA by 
ADH and then, enzymatically, to acetate. 
Normal respiration is restored 3-4h (fig 4.7) after the onset of aerobic conditions. The 
decrease in CO2 production observed 8h later (fig 3c, 18h) must be addressed with caution due 
to an accompanying background rise. Somewhat lower respiration level is established during 
the 3rd post-anoxic recovery period (fig 4.7,37-46h). Further experiments are needed to assess 
the significance of the fast spike in CO2 production accompanying each onset of aerobic 
conditions. 
Ethylene production resumes as soon as oxygen becomes available to convert ACC to 
ethylene. We do not observe a maximum in the post-anoxic ethylene production, similar to that 
reported by de Vries12. The situation is similar with the experiments performed in chapter 2 
where also the amount of ethylene released shows no strong peak after re-admission of 02. 
The difference may be due to the fact that de Vries used tomatoes in a different stage of 
development. 
The details of AAs' effects on plants are still unknown. Creation of cross-linkages 
between proteins and inactivation of enzymes have been suggested as possible mechanisms of 
AA toxicity25. EA was reported26 to antagonize ethylene action and synthesis in ripening 
tomato fruit. Ethylene is known to promote ripening in fruit. Both AA and ethylene are very 
well suited for PA sensitive and fast detection. Future experiments addressing the possible 
correlation between the production of AA, ethanol and ethylene under anoxic and post-anoxic 
conditions in different plant tissues are planned.... and are thrilling! 
8 Conclusions 
Our triple photoacoustic cell placed intracavity of a liquid nitrogen cooled CO-laser is able to 
detect some 20 biologically interesting gases at (sub) ppbv level. Multi-component analysis 
allowed to monitor acetaldehyde, ethanol, ethylene and CO2 release from cherry tomatoes 
under changing aerobic and anoxic conditions. This revealed a 10 fold increase of acetaldehyde 
at the onset of the post anoxic period. 
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Chapter 5 
Thermoacoustic amplification of photoacoustic signal 
F.G.C. Bijnen, J. v. Dongen, F.J.M. Harren and J. Reuss 
Dept. of Molecular and Laser Physics, University of Nijmegen 
Toemooiveld, 6525 ED Nijmegen, The Netherlands. 
Abstract 
A thermoacoustic amplifier is introduced for use in laser photoacoustic detection. The 
thermoacoustic effect allows amplification of the photoacoustic signal induced by trace gas 
absorption. A theoretical description of the behaviour of the acoustic waves in a 
thermoacoustic amplifier is presented. This description allows the thermoacoustic amplifier to 
be represented in terms of an electric transmission line and to be coupled to a photoacoustic 
cell. The combined detector is tested by a calibrated trace gas mixture of ethylene in N2. The 
combination resulted in an enhancement of the photoacoustic signal. A comparison between 
the theoretical and experimental results is presented. Design criteria for optimal sound 
amplification of photoacoustic signals discussed. 
List of symbols 
с speed of sound 
с heat capacity per unity mass for the gas 
cç heat capacity per unity mass for the solid 
I(x) the analogue current of the velocity flux 
PL the unmodulated power of the incident laser beam 
/ stack plate half thickness 
К coefficient of heat conduction 
ρ acoustic pressure amplitude 
S the cross sectional area of the duct 
T
m
 mean temperature 
u acoustic velocity amplitude 
V(x) the analogue voltage of the sound pressure 
χ direction along sound propagation 
y0 stack plate half spacing. 
Zj. characteristic impedance of transmission line 
α the absorption coefficient of the gas 
β propagation constant 
δ 5 thermal boundary layer of the solid 
δκ thermal boundary layer of the gas 
Oy v i scous b o u n d a r y layer of the gas 
γ ratio of specific heats 
KS solid heat conduction 
ν dynamic viscosity 
p
m
 mean gas density 
p t solid density 
σ Prandtl number 
ω angular frequency 
1 Introduction 
Thermoacoustics (TA) and photoacoustics (PA) represent areas in physics already described 
more than hundred years ago by Lord Rayleigh' and Bell2 respectively. To our knowledge a 
combination of both has not yet been attempted. PA has gained momentum by the invention of 
lasers and forms, in the case of trace gas detection, a way to monitor on Une low trace gas 
amounts with fast time response. Most of the time acoustical noise, photoacoustic background 
signals or the noise from the microphone limit the detection of the detector. Ultimately the 
detection limit is determined by the Brownian motion of the molecules near the membrane of 
the microphone 3 . The amplitude of the PA signal can be optimized by choosing an optimal 
resonant cell design (see chapter 2). Passive resonant amplification is, however, limited mainly 
by the losses at the wall of the resonator (thermal and viscous losses). TA can overcome this 
limit by active amplification of the standing wave. 
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Fig. 5.1:1 Resonator at ambient temperature; 2, Column at hot temperature (30 -200° C); 3, 
Stack of metal plates with temperature gradient; 4, Tunable piston; 5, Buffer volume; 6, 
Brewster window. 
TA is well known to glass blowers. When heating the closed end of a quartz tube and keeping 
the open side at ambient temperature at a sufficiently large temperature gradient a sound can 
be heard corresponding to the resonance frequency of the tube. A vibrating flame in front of 
such a tube was already studied by Higgins in 17774. Also physicists working with liquid 
Helium may have noticed TA; 'Taconis oscillations" occur if a tube is partially inserted into a 
filled dewar. 
TA has recently found a promising application as refrigerator working on sound. Since 
no chemicals are needed such a device has been send into space by NASA. Within this design 
an intense sound field is generated by a loudspeaker. By positioning a stack of plates, along the 
direction of the sound, a temperature gradient is built up over the stack. Even cryogenic 
temperatures can be obtained in this way. Note that for the cooling device sound is converted 
into a temperature gradient (heat pump) while in our application we use the reversed process 
(prime mover). 
The gas inside the PA resonator is brought into oscillation by absorption of modulated 
laser radiation. TA amplification of PA signal is achieved by a temperature gradient inside an 
additional tube connected to the acoustical resonator (see fig 5.1); wall losses of the standing 
acoustical wave can be overcome. The PA signal is amplified correspondingly. The difference 
between the total losses and the gain in the resonant volume can become virtually zero. If the 
temperature difference over the stack is too large, the gain can result in the undesired effect of 
self-oscillation. The temperature difference should be just below onset of self-oscillation. 
Amplification should compensate for nearly all acoustic losses of the resonator. The monitored 
sound is still linear with the concentration of trace gas inside the resonator. 
The PA signal generated in a longitudinal resonant cell has been treated in terms of an 
electric transmission line in chapter 2. Acoustic phenomena are described by relatively simple 
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resistance (viscous) 
inductance (kinetic energy) 
conductance (heat conduction) 
susceptance (potential energy) 
impedance 
admittance 
source (absorbed laser power 
converted to sound) 
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Table 5.1: Transmission line parameters 
formulae. Here we summarize the results of that description. A recently developed theoretical 
description of TA5 '6 allows implementation in the transmission line model. For this a solution 
of the differential equations involved in TA is presented. A computer program was developed 
allowing the comparison between theory and experiment. Some design criteria for optimal TA 
amplification of PA signal are discussed. 
2 Theory 
2.1 The photoacoustic transmission line model 
If an acoustic wave is transmitted through a tube, we can express the acoustic behaviour using 
the one-dimensional electrical transmission line analogue7. The basis of this theory is described 
and applied in this field earlier8. The theory is extended by a matrix formalism which permits a 
quantitative description of the photoacoustic signal at any position in the cell at any modulation 
frequency9. In chapter 2 a detailed study is presented comparing theory with experiment for a 
resonant PA cell. This forms the basis for the formulae of the transmission line model applied 
in this section. We will only recall those formulae which are needed to express TA as the 
analogue of an electrical transmission line. 
Within the transmission line description the acoustical properties of the ducts forming the 
ΡΑ-cell can be expressed as discrete circuit immittances per unit length, such as susceptance, 
conductance, resistance and reactance (see table 5.1). These immittances assume piece wise 
constant values. The electric analogue of the total flux of the gas 5м is the electric current /; 
the analogue of the sound pressure ρ is the voltage V. The immittances reflect the energy 
contents (due to movement and compression) and the losses (viscous and thermal). 
Surface losses can be calculated from the thermal and viscous boundary layers of the gas 
near the duct wall. The thickness of the boundary layers are given by 
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IK 
ι
 2 v 
5 V = J (2) 
The electric transmission line yields the one-dimensional model for the acoustic standing wave 
in resonator, buffers and the tubes connecting (Brewster) windows with buffers. Volume 
constrictions, openings, cross dimension variations, microphones and side tubes connected to 
resonator can be expressed as discrete elements connected to the central transmission line. 
Introducing a source of sound due to trace gas absorption of modulated laser energy 
yields periodical changes of pressure p. The differential equations for the electric analogue are 
given by 
dV(x) 
dx 
dl{x) 
dx 
= Zl(x) 
= -V(x)Y+V0Y (3) 
Here, the constant Vo stands for the electric analogue of the pressure changes induced by the 
trace gas absorption of laser radiation. Note that Vo=0 in those parts of the transmission line 
where laser absorption can be neglected and that the factor e"" containing the time dependence 
is suppressed. The solution of differential equations (3) is given by 
V(x) = V0-Zc[Ae*-Be-+] 
I(x) = Ae* + Be'* (4) 
with β = VZY and Z
c
 — -Jz/Ϋ. A and В are determined by the boundary conditions. 
2.2 General thermoacoustics 
A review on ТА engines was given by Swift5. The principles and a mathematical analysis of the 
formulae describing ТА were reviewed. Based upon ref. 5 we discuss the principles involved in 
ТА. 
In an acoustic wave small gas parcels are compressed or expanded adiabatically in the 
bulk and isothermally close to walls. The air parcels are displaced over a distance Ax. The 
displacement depends on the position of the parcel along the acoustic wave pattern. At a 
pressure anti-node of a standing wave the displacement is zero while at the pressure node Ax it 
is maximum. At the pressure node a parcel contains only kinetic energy while at the pressure 
anti-node only potential energy due to compression and expansion. In fig. 5.2 a parcel of air is 
depicted which travels during one period along a plate with a temperature gradient 
УТт
 =
 (^ п2 - m^i j/A* · Since the parcel is positioned somewhere in between the pressure node 
and anti-node of the standing wave it contains as well potential as kinetic energy. If the parcel 
is close to the wall i.e. within the thermal boundary layer given by eq. (1) a good thermal heat 
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dW 
φ 
Fig. 5.2: Schematic view of a 
parcel of air traveling 
periodically along a plate 
containing a temperature 
gradient in 4 discrete steps a 
to d. During each cycle of 
acoustic osciltoions, a parcel 
of gas is compressed as it is 
pushed a distance Ax towards 
its new position x2 where it 
absorbs heat. In the expansion 
cycle of the oscillation, the 
gas returns to its initial 
position, where it is at a 
higher temperature than the 
plate, and releases the excess 
heat it absorbed earlier. 
d dw 
exchange with the plate can take place. For simplicity, the total process of amplification is 
considered as an event in 4 discrete steps (a to d in fig. 5.2). Here we consider only 
temperature, pressure and volume changes at the two turning points (1 and 2) along the plate. 
In reality the changes occur gradually. 
Consider the parcel at x¡ in the upper left comer of fig. 5.2; state a¡ . After the first half 
of an acoustic period (step a) the parcel has moved adiabatically to x2 = x¡ + Ax (line a in fig 
5.3a). Compression results in an increased pressure Pa2 and temperature Ta2 and a decreased 
volume Va2. At step b the parcel assumes the temperature of the plate 7"^. isobarically. If TM is 
larger than Ta2 an amount of energy dQ¡ is transported from the plate towards the parcel. The 
parcel expands to a larger volume и- During the second part of the period (step c) the parcel 
is moved (adiabatically) back to position x¡ leading to a decrease in pressure and temperature 
and an increased volume. The pressure assumes its original value Pcj = Pa¡. Volume Vc/ and 
temperature Tc¡ are still larger as in the starting position of step a. In step d the parcel re-
assumes isobarically the temperature of the plate. Excess energy dQ2 is returned to the plate. 
The volume and temperature re-assume the starting values of step a ; Vdi = Va¡ and Tdi = Ta¡. 
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Fig. 5.3: Pressure and density (or volume), as functions of time, in various circumstances. Up 
left, PV diagram of the process of signal amplification presented in figure 5.2 in discrete 
steps. Up right, analogue representation of process presented in a. About a thermal 
penetration depth from the plate δ*, and for large enough temperature gradient, the gas 
expands at high pressure and contracts at low pressure, and hence does net work. Down left, 
About bxfrom the plate, and for small AT, the fluid contracts at high pressure and expands at 
low pressure, and hence absorbs work. Down right, Far from the plate, pressure and density 
oscillations are in phase, so no net work is done or absorbed (neglecting volume losses). 
Thus during this compression and expansion work is done by the parcel. Heat is transported 
from the hot side (x2) of the plate to the cold side (xj). 
The process is further elucidated in fig. 5.3. The different steps of fig 5.2 are illustrated 
in a PV diagram (see fig 5.3a). The continuous changing process is depicted in fig 5.3b. When 
no temperature gradient is present or the gradient VT
m
is smaller than [Τ
α2 - Taì )/AX acoustical 
energy is lost at the plate and the normal process of losses at the plate takes place (see fig 
5.3c). Outside the thermal boundary layer (distance from the wall » δκ) no energy is 
dissipated to the wall (see fig 5.3d) and the wave expands adiabatically neglecting volume 
losses). 
2.3 Thermoacoustics represented in transmission line model 
The formulae expressing the relationship between the pressure ρ and velocity и for the standing 
sound waves in a thermoacoustic stack have been derived and reviewed for the general case5. 
More recently a description was given of acoustic waves inside a resonant volume containing a 
stack below onset of self-oscillation6. The stack consisted of parallel plates in line with the 
direction of the acoustic wave. Along the plates a temperature gradient was set up. The 
differential equations describe the acoustic amplification within an acoustic resonant volume 
very well6. Here we only present the resulting differential equations of this analysis. An 
analytical solution was found and was implemented in the transmission line analogue. 
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The thermoacoustic stack consisted out of metal sheets at a distance of approximately 
two times the thermal boundary layer. The relations for the velocity and pressure of molecules 
along such a stack with a temperature gradient are then given by6 
dp(x) -і(ар
т 
dx 1-Λ 
•u(x) 
du(x) i Λ - Λ VT
m
dp(x) i ω2 
dx ωρ„(1-σ)(ΐ+ε,) T
m
 dx ωρ„ с 
with, σ= cp ν/Κ The functions fK, / v and ε, are given by 
tanh[(l + i)y0/5K] 
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The formula for the thermal boundary layer inside the solid 8S is given by 
δ,=Λ/ 2 κ 7Ρ^,ω 
In contrast to the analysis given in chapter 2 the solution should here reflect the different 
conditions for waves traveling in either direction (+ and -) along the stack. Choosing the x-
direction along the positive direction of the temperature gradient Г
т
 the solution to equations 
(5) is given by 
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2.4 Coupling TA and PA 
The combined ТАРА cell is schematically shown in fig 5.4. Starting from the center of the 
longitudinal resonator the ТА amplifier consists of a piece at ambient temperature, a composed 
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TA - amplifier 
Fig. 5.4: Model of the ТАРА cell. 
stack and a in length tunable column a hot temperature. For the analogy with the transmission 
line model the ducts of the ТА amplifier are represented as immittances. The ducts are 
connected and expressed as a single input impedance which can be connected to the central 
transmission line formed by the resonator and buffers. The voltage and current analogue of the 
acoustic wave between the composed stack and the resonator are represented by eq. (4) at 
ambient temperature {TA). The composed stack consists of three parts; a stack of copper plates 
at ambient temperature TA, a stack of stainless steel plates with the temperature gradient and 
another stack of copper plates at hot temperature TH. The electric analogue of the acoustic 
wave along the temperature gradient VT
m
 of the central stack is represented by eq. (6). The 
acoustic wave at the outer copper stacks, at TA and TH, experiences a homogeneous 
temperature and is also represented by eq. (6), however, Т^ , = 0. The waves traveling along 
the hot duct are represented by the eq. (2) for TH.. The waves are reflected back without a 
phase change. The flux of particles is zero at the end. In the transmission line theory this is 
represented by an infinite impedance (Z= °°). 
The first boundary condition is therefore found at the hot end of the stack. The high 
impedance condition results into IH{lTA5} = 0 with lH the length of the hot duct. As described 
in chapter 2 the amplitudes A and В are determined by the boundary conditions between the 
different ducts. 
' ,U=0 = /,+iU+i=o) 
V,{x,=l.) = V 1 + 1 ( x 1 + 1 = 0 ) (7) 
with /,· and V,- the current and voltage in a subcell ι of the amplifier and /,· the length of each 
duct. By coupling the equations with the matrix formalism of chapter 2 the analogous input 
impedance of the complete TA amplifier, ZTA = VA(0)/lA{0), is found. VA (0) and IA(0) are the 
voltage and current analogues of the pressure and the flux at the entrance of the amplifier at 
ambient temperature at the junction with the resonator. 
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Copper 
Fig. 5.5: Technical drawing of ТАРА cell, dimensions in mm; On top the column at hot 
temperature with a tunable piston. In the middle a composed side view and an exploded view 
of the stack. The exploded view shows the copper plates at ambient and at hot temperature, 
the stainless steel sheets with the temperature gradient and the stainless steel spacers. Below 
a top view of the stack placed on the (15 x 23 mm) hole of the resonator. 
The input impedance Z
n
 is inserted in the central transmission line at the center of the 
resonator. Here the resonator is to be divided into two separate subcells. Since a part of the 
particle flux enters (and leaves) the resonator towards the ТА amplifier the following boundary 
conditions for the subsequent subcells ι and ¿+1 of the resonator can be found. 
/ , (*=/,)-Mo) = '»,(*,•, =o) 
v,U=0 = vt+i{xM=o) = MO) (8) 
The acoustic pressure in each part of the combined ТАРА cell can be found with the presented 
formulae. 
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3 Experiment 
А ТАРА cell was constructed as shown in figure 5.5. The longitudinal acoustic resonator (gold 
coated brass tube 0 15 χ 150 nun) was separated from the Brewster windows by buffers 
(0100 χ 100 mm). At the central part of the resonator two small holes allowed the connection 
for a Knowless EK3024 microphone and the trace gas inlet on the opposite side (both 0 0.8 
mm). A large hole (15 χ 23 mm) allowed the connection to the ТА amplifier. 
3.1 Experimental arrangement 
In fig. 5.5 the ТА amplifier together with the resonator is shown in more detail. The total 
height of the combined stack on top of the resonator was 12 mm. The combined stack 
consisted of copper sheets and stainless steel sheets with a thickness of 50 цт. The sheets 
were separated (distance 300 μπι) by stainless steel spacers. The distance between the sheets 
was chosen to correspond twice the thermal boundary layer at the resonance frequency (= 600 
Hz). The spacers run from the copper sheets at ambient temperature (close to the resonator) 
along the stainless steel sheets to the copper sheets at hot temperature. The copper sheets were 
therefore in the same plane as the stainless steel sheets. The height of the sheets (along the 
direction of the traveling wave) was 10 mm. The width varied linearly from 15 to 23 mm. 
Correspondingly the width of the copper sheets at the side of the resonator was 15 mm and at 
the hot end the width was 23 mm. The height of the copper sheets (along the direction of the 
traveling acoustic wave) was 1 mm. Two outer stainless steel plates (thickness 1 mm) were 
pressed together with inbetween the 2 x 66 stainless steel spacers, the 2 χ 65 copper sheets 
and the 65 stainless sheets. The distance between the two plates was therefore 23 mm. Copper 
as material for the sheets at the top and bottom side of the combined stack was chosen for its 
high thermal conductivity; the temperature gradient along the stainless steel sheets could 
optimally be sustained. Stainless steel for the spacers, the sheets and the outer plates was 
chosen for its relatively low heat conductivity properties thus maintaining the temperature 
gradient. The widening of the stack by the linearly increasing width of the stainless steel sheets 
(15 —» 23 mm) was chosen to compensate the changing impedance condition due to the 
temperature gradient. In a later stage of the research when the computer model was ready we 
found out that this was of minor importance for the functioning of the amplifier. 
On top of the combined stack, at the hot end of the ТА amplifier, an in length tunable 
column is positioned. The part of the hot column closest to the stack was square (23 χ 23 mm) 
allowing connection to the stack. The square cross section extended over a length of 20 mm. 
The square shape became circular ( 0 23 mm) to allow a piston to slide along a length of 
maximum 20 mm. The total length of the hot column was therefore tunable between 20 and 40 
mm to allow a comparison between theory and experiment and find an optimum position for 
PA signal amplification. The piston was sealed by a Viton o-ring to the column. 
The resonator, combined stack and hot temperature part of the amplifier were pressed 
firmly together. To obtain a good heat exchange in between the three parts carbon sheets were 
laid. Acoustic leaks were prevented by sealing the connections from the outside with silicone 
glue. The high and low temperatures were controlled by temperature sensitive elements (PT 
100). A temperature-stabilized flow of water was led around the duct connecting the resonator 
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to the stack. Along the hot column an inconel 600 wire of length 1.25 m was wound to obtain 
a uniform temperature. The heating wire was shielded by a brass column around the column. 
The hot temperature was maintained within 0.1 degrees by means of a feedback loop, 
regulated by a Eurotherm 900 temperature control. The hot temperature was easy adjustable. 
The signal monitored by the microphone was electronically processed by means of a home built 
lock-in amplifier. 
3.2 Method 
Several types of experiments have been performed with the ТАРА cell by regulating the 
temperature and by tuning the piston of the hot column. A frequency sweep allowed to 
determine the resonance frequency and the quality factor of the cell. 
A comparison between experimental cell constant and theoretical calculations was 
obtained by employing an external acoustic oscillator. One Brewster window was removed 
from the ТАРА cell to mount a small loudspeaker. 
Trace gas absorption experiments were performed by positioning the ТАРА cell behind 
an amplitude modulated C0 2 laser beam operated at the 10P14 and 10P12 laser lines 
(absorption coefficients of ethylene 30.4 and 5.07 atm'cm"1)10. Modulation of the beam was 
achieved by a stabilized chopper with a long term stability of 0.1 Hz. A 5 1/h flow of N2 
containing trace amounts of ethylene passed through the resonator. 
4 Results 
4.1 Oscillator experiments 
For 2 different lengths of the hot column (20 and 40 mm) the resonance frequency of the 
ТАРА cell and the quality factor β were determined for a range of temperatures for the hot 
column (300-450 K). The results of the theoretical calculations and the experiments for the 
quality factor and the resonance frequency (both for laser and external loudspeaker) are shown 
in figure 5.6a, b and с The inverse quality factor (β"') shows a linear negative correlation to 
the applied temperature difference between the ambient resonator and the hot column (i.e. β 
increases at higher temperature differences). The resonance frequency shows a slight increase 
for higher temperature differences along the stack due to the increase of the speed of sound in 
the hot column. 
4.2 Photoacoustic signal due to gas absorption 
To check the linearity of the ТАРА cell different ethylene concentrations were introduced in 
the ΤΑΡΑ-cell. A gas bottle containing a mixture of ethylene and N2 was prepared. The 
mixture was calibrated by comparing the PA signal with a calibrated mixture of 1.2 ppmv of 
ethylene in N2. For lower concentrations N2 was dynamically mixed in with mass flow 
controllers yielding a calibration range of mixtures between 2 and 34 ppmv. The total flow 
towards the cell was maintained at 5 Uh. The ΡΑ-signal was determined at the 10P14 and the 
10P12 laser line at three temperatures. The length of the column at the hot end was fixed at 40 
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mm. The results of the measurements arc shown in fig 5.7. The results obtained for the quality 
factor are presented in fig 5.6a,b along with the results from the oscillator experiments. 
A mixture of 34 ppmv ethylene in N2 was led into the resonator of the ТАРА cell. The 
pressure amplitude response of the ТАРА cell was corrected for the absorption coefficient of 
ethylene and expressed in the cell constant F (Pa cm/Watt) (conform section 2.1 of chapter 2, 
however the cell constant was not corrected for the experimental β-value). For two different 
lengths of the hot end (20 and 40 mm) the dependence of Q, resonance frequency and cell 
constant F were determined as function of the resonance frequency, (see table 5.2). In table 5.2 
additionally the performance of a PA cell with the same resonator dimensions. ( 0 15 χ 150 
mm) as the ТАРА cell is presented. Without a temperature gradient a decrease in resonance 
frequency, cell constant and quality factor is observed as compared to the normal ΡΑ-cell. The 
situation is improved drastically for the cell constant of the ТАРА cell if a temperature gradient 
is applied resulting in an increase by more than an order of magnitude. 
4.3 Discussion 
Fig 5.6c shows a linear rise with the applied temperature gradient for the resonance frequency. 
This corresponds with the increased speed of sound at higher temperatures. The resonance 
frequency is predicted by theory within 10 Hz. At ΔΤ=0 (table 5.2, L=40) the resonance 
frequency of 565 Hz corresponds with a wavelength of 62 cm. In the ТАРА cell the distance 
110 Chapter 5 
Length hot 
column 
20 
20 
20 
40 
40 
40 
PA-resonator 
ΔΤ(Κ) 
0 
134.5 
159.4 
0 
114.5 
134.5 
-
Res. Fr. 
(Hz) 
666.30 
682.20 
687.44 
566.40 
597.5 
598.3 
1093 
F (Pa cm/W) 
180 
1046 
5299 
110 
690 
3955 
2400 
Q 
19.2Ю.1 
10112 
560±50 
15.0Ю.1 
89±1 
430±30 
60±1 
Table 5.2: Resonance frequencies, cell constant F and 
quality factor Q as function of the length and temperature 
difference AT along the length of the stack of the ТАРА cell. 
The values for a ΡΑ-cell containing the same type of 
resonator (015 χ 150 mm) are added for comparison. 
from the closed end of the ТА amplifier through the resonator to one of the open ends was 
13.5 cm. This distance corresponds approximately with a quarter wavelength. The acoustic 
standing wave has its pressure nodes at the open ends of the resonator and its pressure anti-
node at the closed end. 
Both theory and experiment showed a negative linear correlation of Q'1 with the 
temperature gradient applied (see fig 5.6a and b). A theoretical overestimation for the quality 
factor was obtained for the whole temperature range. The difference between theory and 
experiment was observed before for the normal longitudinal cell presented in chapter 2 (25 % 
deviation). For higher temperatures this difference increases. The stack appears to be less 
effective than predicted by theory. The theory assumes a homogeneous temperature gradient 
along the stack. For this reason the good heat conducting copper sheets are at the ambient and 
hot sides of the composed stack. It could well be this assumption is not valid causing a 
decrease in the amplifying properties of the stack. In between the experiments performed with 
the laser and the oscillator the ТАРА cell had been dismounted. This could explain the 
difference in Quality factor obtained between the two types of experiments. 
A longer column length at ΔΤ=0 yields a lower value for the cell constant F (see table 
5.2). This is caused by 3 effects, (i) The losses are larger due to the increased surface area (this 
effect is also reflected in a lower value for Q) (ii) the acoustic wave pattern shifts so that the 
position of the microphone comes closer to the pressure node of the standing wave resulting in 
a lower signal, (iii) The volume of the total resonant space (volume of amplifier + resonator) 
increases. When a temperature gradient is applied the gain for the L=40 mm column is larger 
for the L=20 mm column. Finally for the L=40 mm column self-oscillation is obtained at a 
lower temperature (ΔΤ=125 К) than for the L=20 mm column (ΔΤ=150 К) (see fig 5.6a,b). 
The cell constant F shows the same dependence on the applied temperature difference as 
Q. (i.e. a negative linear correlation of F1 ). At a quality factor of 560 (see table 5.2) the value 
of the cell constant was two times the value obtained with a normal PA resonator, due to the 
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Fig 5.7: ΡΑ-signal as function of 
ethylene concentration for 3 
different temperature gradients 
along the stack. The length of the 
column was maintained at 40 
mm. 
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amplification (see table 5.2). At ΔΤ=0 the cell constant was 13-fold lower than for the normal 
ΡΑ-resonator (for L=40 mm). This can be explained by the lower Q-value (factor 4 due to a 
larger surface area), the larger volume (factor 2) and the non-optimal position of the 
microphone along the standing acoustic wave (factor 1.4). The pressure anti-node is at the end 
of the TA-amplifier whereas for the normal ΡΑ-resonator it is just in front of the microphone. 
For calibrated gas mixtures the linearity of the detector was sufficient as is shown in 
figure 5.7. for different temperatures. The observed ratio between 10P14 and 10P12 signal was 
constant and deviated less then 5 % from the theoretical ratio of the absorption coefficients. 
4.4 Modeling of ТАРА cell 
The presented results show that the theoretical model describes well the behaviour of the 
ТАРА cell. We therefore performed theoretical modeling to extract optimum design criteria. 
The losses introduced by stack, hot column and resonator are observable at ΔΤ=0. Generally 
the extra acoustic losses due to a change in temperature are small compared to the gain 
introduced by the amplification. Both, the losses (at ΔΤ=0) and the amplification, determine 
the final temperature of self-oscillation. Instabilities in chopper frequency and temperature 
instabilities cause signal fluctuations. This forms a practical limit for stable amplification of the 
ТАРА cell. A Q-value of 1000 is considered a practical limit. A good cell design should lead to 
a low self-oscillation temperature, and a high ratio of F over Q. 
• The position of the amplifier along the resonator. Within the theoretical model we put the 
amplifier at several places along the resonator but could not find a better signal 
enhancement as compared to its place at the center. At the center position a good 
symmetry is obtained for the acoustic wave. If the cross section of the hot column (400 
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2) does not differ too much from the cross section of the resonator (2 χ 177 mm2), V* λ 
corresponds approximately to the acoustic distance between the closed end of the amplifier 
(pressure anti-node) and one of the open ends of the resonator (pressure node). 
• The distance between the (stainless steel and copper) sheets in the stack. The distance of 
twice the thermal boundary layer δ* (eq. 2) yields optimum performance. The thickness of 
δκ depends on the temperature and the resonance frequency. For the temperature the 
average value along the stack can be taken. The approximate resonance frequency is 
obtained as discussed in the preceding paragraph. The precise value of the optimal distance 
of the sheets is not critical for the performance of the ТАРА cell. If the distance is at 400 
μπι (in stead of 300 μπι) and ΔΤ=0 the losses were calculated to be somewhat lower (due 
to the lower surface area) resulting in a 1.2 times larger Q and F. This advantageous 
situation however turned into a disadvantage when the temperature gradient was applied; a 
2 fold higher ΔΤ was needed self-oscillation. When the sheets were placed at 100 μπι 
distance a stronger increase of signal enhancement with an increasing ΔΤ was calculated. 
However, at ΔΤ=0 the values for Q and F were a factor 1.4 lower than for the 300 μπι 
stack. Combined, the ΔΤ induced effect could not make up for these lower starting values 
resulting in a self-oscillation temperature 1.1 times higher. 
• The cross sectional area of the stack and the length in the direction of the acoustic wave 
barely affect the amplification properties of the stack as function of the temperature 
difference. The losses however are proportional with the length of the stack and inversely 
proportional with the area. A short length and large cross sectional area lead to optimal 
performance. However may lead to a conflict that a homogeneous gradient should be 
maintained over the stainless steel sheets. For a short length stack ΔΤ (temp, difference) 
results in an increased VT (temp, gradient). The copper sheets have to transport the heat to 
the walls of the stack, in this way maintaining the homogeneous temperature. The 
increased amount of heat to be transported due to the increased VT is (also for copper) 
limited due to the heat conduction properties. At a large width for the copper sheets this 
effect will even be aggravated. Other materials and other shapes of stack design can be 
considered, e.g. the recently introduced pin array stack design". 
• The volume and length of the hot column. From the calculations we found that 
amplification and loss is fairly independent of the geometry of the hot part. The size of 
volume appeared to be more critical. For a small volume both the losses and the 
amplification are lower than for a large volume (see fig. 5.6a,b). A small volume yields an 
improved F over Q ratio. However self-oscillation is reached at a somewhat higher 
temperature. For the optimal volume it is therefore difficult to present clear design rules. 
For a fixed temperature difference of ΔΤ=82 К the calculated results of changing the length 
of the column for the cell constant and the Quality factor are shown in fig. 5.8. 
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Fig 5.8: Cell constant and 
Quality factor as function of 
the column length as 
calculated by the theoretical 
model at a temperature 
difference over the stack of 82 
K. The dimensions of 
resonator and TA-amplifier 
are presented in fig 5.5 
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5 Conclusions 
For the first time a combination of thermoacoustic amplification of photoacoustic signal is 
presented. The acoustic signal of the ТАРА cell after amplification was linear with the amount 
of trace gas. After enhancement the signal was higher than the photoacoustic signal generated 
by a normal PA cell. The presented ТАРА cell was built for modeling purposes to get a better 
understanding of the combination of thermo- and photoacoustics. For trace gas analysis the 
advantage of ТАРА cell design becomes manifest when external noise becomes comparable to 
the Brownian motion of the molecules in front of the membrane of the microphone. 
The ТАРА cell could serve in other fields of research as well. It allows to obtain 
infinitely high Q values and becomes then extremely sensitive for shifts in the conditions of the 
gas12. High β values are of importance when relaxation phenomena are observed; their rates 
cause a shift of the acoustical resonance frequency and a broadening of the response function 
of an acoustical cavity. 
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Abstract 
Vertical profiles of methane dissolved in a rice paddy soil were monitored by means of a 
diffusion probe in combination with a photoacoustic detector cell placed in the cavity of a 
liquid nitrogen cooled CO-laser. The methane passing through the membrane of the probe 
reached a rate that was constant for up to 10 min. even when the probe was situated in soil. 
Then the decreased to a lower value that was constant for more than 1 hour. These data 
demonstrated that there were two different steady states of diffusive flux from the soil through 
the membrane into the probe. The spatial resolution of the probe was 1.36 mm. The detection 
limit of the photoacoustic detector was 1 ppbv methane equivalent to an aqueous CH4-
concentration of 1.3 μΜ. However, the whole setup produced additional noise so that the 
observed detection limit was 2 uM. The depth profiles in anoxic paddy soil compared well with 
results obtained with the same diffusion probe, and a gas Chromatograph as detector. The 
methane was produced in anoxic soil layers below 8-10 mm depth and was transported 
upwards to a layer of methane-consuming bacteria situated at 2 mm depth. In the upper 2 mm 
soil layer the concentration of methane was below the detection limit of our system. In the 
diffusion probe silicone was found useful as membrane material for methane measurements; 
Goratex® as membrane material was useful for methane, dimethylsulfide and trimethylamine. 
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1 Introduction 
Methane as greenhouse gas is estimated to contribute about 25% to the "global warming" of 
the atmosphere. The annual CH4 increase of 1 % during the last decades has slowed down only 
during recent years1. Methane is produced by methanogenic bacteria living in the hindgut of 
arthropods 2 or even to a larger extent in wetlands like swamps and flooded rice fields3. A 
minor contribution is due to inorganic sources3. In flooded rice paddies the methane produced 
in deeper layers is mainly emitted by vascular transport through the rice plant and by bubbling 
to the atmosphere4 '5. Since the vascular system of rice plants transports also oxygen into the 
soil6,7 the rice field soil becomes a complex structure containing aerobic and anoxic 
compartments. Therefore, the transition from the aerobic surface layer to the anoxic zones in 
deeper layers of rice paddy soil microcosms is an interesting model for the more complex 
aerobic/anoxic transitions within similar ecosystems. Photoacoustics (PA) in combination with 
a gas diffusion probe8 allows sensitive and spatially highly resolved determinations of CH4 
concentrations. 
A conventional method to determine CUt-gradients in submerged soil sediment910 is 
sectioning cores followed by gas extraction and gas-chromatographic determination of the 
amount of extracted gas. Destruction of the examined environment by coring combined with an 
elaborate procedure is needed to perform these measurements while only a coarse spatial 
resolution >10 mm is achieved. 
Direct injection of porewater into the gas Chromatograph" results in a good spatial 
resolution. But damage of the column of the gas Chromatograph by injected sludge compounds 
and clogging of the needle by clay particles form a risk. Furthermore small bubbles containing 
methane in the injected sample may produce results impossible to interpret. 
A silicone membrane-covered probe connected directly to a mass spectrometer was used 
by Benstead & Lloyd12. The long collection times needed for mass spectrometry result in a 
large diffusion range in front of the probe so that this method has a relatively low spatial 
resolution. 
A similar probe with a spatial resolution of 1.3 mm was used in combination with a gas-
chromatograph as detector.8 Measurements were performed by sampling the gas that diffuses 
from the liquid phase through the membrane into the gas phase of the probe. After 2 min. of 
diffusive transport, the gas phase of the probe was transferred to the gas-chromatograph. 
Fluctuations of the signal obtained with the probe placed in defined standard solutions resulted 
in a detection limit of 20 uM. Reasons for the fluctuations were memory effects caused by 
outgassing due to porosity of different materials used for construction of the probe and the 
precision of gas chromatographic measurement. 
Compared to gas chromatography, the PA detector system has a higher sensitivity and 
time resolution. Therefore, we used the gas diffusion probe in combination with a PA-cell 
placed inside the cavity of a liquid nitrogen cooled CO-laser. A continuous flow of N2 through 
the probe transports the methane to the detector. 
Using this detector offers the opportunity to measure multi-component mixtures. 
Methane is produced ,too, by microbial mats growing in a hypersaline environment13. These 
mats exhibit a gradient system of layers of micro-organisms which grow according to the 
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availability of light and substrates14'15. In these mats dimethylsulfide (DMS) and 
trimethylamine (TMA) serve as substrate for methanogenic bacteria11. DMS is also produced 
in marine microbial mats14'15. In contrast to methane, DMS is assumed to give a negative 
feedback to the global wanning. DMS is oxidized by OH-radicals via SO2 to sulphate which as 
cloud condensation nuclei stimulate the formation of clouds that are thought to reflect the 
sunlight16. Combined measurement of CR», DMS and TMA is therefore of interest. 
Explorative measurements on these gases employing Goratex® instead of silicone as 
membrane material are presented. Goratex® is a teflon based micro-porous material open to 
vapours and gases but closed for liquids. It is commonly used as raincoat material. 
2 Material & Methods 
2.1 Construction of the gas diffusion probes 
Two different types of probes were used. The first type consisted of two stainless steel 
capillaries, a long one (1 mm o.d. 0.78 mm i.d. 125 mm long) surrounding a shorter one (0.4 
mm o.d. ca. 0.3 mm i.d.) open at the bottom. Near the bottom the outer capillary was closed to 
form a sharp tip. Three mm above the tip the outer capillary had two side-port holes of 0.5 mm 
diameter on opposite sides17. The side-port holes were closed with a silicone membrane of 0.1 
to 0.3 mm thickness by touching them gently under microscopic control with a needle which 
had been dipped into silicone adhesive (Aquaria, Dow Coming, Holm, FRG). At the top of the 
capillaries the gas space between the two capillary and the gas space in the inner capillary were 
connected to two different teflon tubes. The carrier gas entered the probe by the first tube and 
flowed through the inner capillary to the tip of the probe. Then the carrier gas flowed in the 
gas space between the capillaries upwards passing the inner side of the membranes fixed to the 
second tube. Calibration of such a probe resulted in data comparable to the glass probes 
described in ref. 8. 
The second type of probe consisted of a outer teflon tube (6.8 mm i.d., 9 mm o.d., 120 
mm long) with perpendicular cut ends. The lower end was closed by a Goratex®-membrane 
hold in position by a 1 cm-broad ring of teflon pushed over the outer tube with the Goratex® 
material squeezed in between. An inner teflon tube (1.6 mm i.d., 0.8 mm i.d.) was fixed inside 
the outer tube reaching down to 5 mm above the membrane. For fixing the inner tube, two 
concentric 1 cm-broad rings of teflon were pushed between inner and outer tube. The gas 
space between the outer and the inner tube was connected to the tubing by pushing a 0.8 mm 
cannula through the teflon rings. The construction was fixed by copper wire which was tightly 
wound around the probe. This construction was used to test the behaviour of the Goratex® 
membrane. The Goratex® had a relatively large surface area (36 mm^). 
2.2 Preparation of standard solutions 
Methane standard solutions were prepared in pressure tubes of 26 ml volume and stored under 
the same temperature conditions as the samples. Pressure tubes used for methane standards 
were filled to a height of 3 cm from the bottom with glass beads (250 - 360 μπι diameter) to 
simulate soil. Then all tubes were filled with water leaving a 5 ml gas headspace. The tubes 
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were closed with rubber stoppers and the headspace was flushed with pure methane; then the 
tubes were shaken vigorously for 1 min., rotated longitudinally to remove gas bubbles and left 
for >ld at the desired temperature. The methane concentration was checked by extraction of 5 
ml of the standard solution as described by Rothfuss & Conrad8. 
For TMA standard solutions the water and the headspace was flushed with 0.1% TMA 
in N2- This procedure results in a 22 mM TMA solution as calculated by Roult's law18 : 
XTMA = PTMA Xj/Py 
Were XTMA is the molar ratio of dissolved TMA, Xj the total amount of moles of the liquid 
(approximated with 55.6 M for pure water), PTMA is the partial pressure of TMA in the gas 
phase (0.001 bar) and P
v
 is the vapour pressure of TMA at 25°C (2.25 bar).18 
DMS standard solutions were prepared analogously by flushing the headspace with 0.1% 
DMS in N2. The DMS concentration CDMS in the standard solution was calculated from the 
distribution coefficient (liquid concentration/vapour concentration) of α = 11.2 " , the partial 
pressure in the gas phase PDMS = 0.001 bar and the molar concentration of pure gas of С = 40 
mM/bar ( 1/molar volume of ideal gas at 25°C)20 by 
CDMS = PDMS α С 
resulting in a DMS concentration of CDMS = 0.45 mM. When the standards were used the 
stopper was removed and the probe was positioned into the solution or into the bed of glass 
beads at >5 cm depth below the water surface. 
Calibration of the photoacoustic detector was achieved by injecting 1 umol of methane 
into the N2 carrier gas flow. The resulting increase and decrease in signal was integrated and 
used for calibration. 
2.3 Gas flow and detector 
The PA detector is described extensively in Chapter 3. To measure the different trace gases the 
laser was tuned to a strong absorption line of the gas under investigation. The laser lines 
employed and the approximate absorption coefficients for the gases are given in table 6.1. The 
carrier gas N2 flowed from the gas tank through a manometer and a flow controller into the 
probe (fig. 6.1). After having passed through the probe the gas was dried by a CaCl2 column of 
10 ml volume. Then the gas passed through a cooling trap and was led to the photoacoustic 
Gas 
CR, 
S(CH3)2 
N(CH3)3 
Laser line 
v32jl0 
V26J13 
v26jl2 
Laser 
frequency 
[cm'] 
1304.97 
1438.81 
1442.15 
Ab. Coef. 
[atm'cm1] 
3 
3 
2 
Table 6.1: Laser lines, laser frequency and 
approximate absorption coefficients on the laser lines 
employed measuring methane, DMS and TMA. 
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Fig. 6.1a: Diagram of the experimental arrangement. The gas sample for calibrating the PA 
cell was injected through the injection port. 
Fig. 6.1b:. Schematic drawing of Stainless steel probe with 2 silicone membranes at the tip 
Fig. 6.1c:. "Teflon" probe employing Goratex® as membrane material 
flow rate causes a pre'ssure drop of 250 mbar (data not shown) between the inlet and outlet of 
the probe due to the thin inner capillary. A higher flow was not tolerable since the diffusive 
transport of methane through the membrane would have been diluted in a larger amount of 
carrier gas resulting in lower methane concentrations to be detected by the detector. Another 
reason was that the pressure difference of >lbar (to increase the flow rate fourfold) would 
have blown out the membrane. A lower flow, on the other hand would increase the sensitivity 
because of less dilution in the carrier gas, but it would also have resulted in undesirable 
backdiffusion into the measurement of the different gases the laser was tuned to the emission 
lines shown in table 6.1. Multi-component measurement was achieved by switching between 
the lines. 
2.4 Performing methane measurements in soil 
Microcosms of rice paddy soil were prepared from air-dried soil sampled in rice fields at the 
Italian Rice Research Institute in Vercelli in 199121. The soil properties were described 
earlier22. Different amounts (10, 15 or 20 g) of dry soil were filled in glass vessels of 22 mm 
height and 36 mm diameter. Then the soil was mixed carefully with oxygen free water8. The 
vessels were incubated at 25°C for 34 to 42 days under water, all at the same distance around 
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Fig. 6.3: PA-Signal for a CH4 
depth profile in a rice microcosm 
made from 15 g soil. The profile is 
measured in 1 mm steps beginning 
at the soil surface. The ticks at the 
bottom indicate where the probe 
was set to the next position. The 
upper arrow indicates where the 
"first" stable value is reached. 
The lower arrow indicate a depth 
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an aeration device to ensure homogenous aeration. Most of the vessels were kept in the dark. 
Two vessels made from 15 g soil were stored in the light at the window and were inoculated 
with a small piece from an algal mat. Algal mats usually develop on illuminated rice soil. The 
probes gas diffusion probes were inserted into the soil using a micro-manipulator. A pocket-
lens was used to determine when the two silicone membranes, the sensitive part of the probe, 
were just below the surface (0 mm depth). To obtain depth profiles the probe was lowered by 
1 mm every 3 minutes. The ΡΑ-detector took one concentration value every 10 s. When after 
lowering the probe the signal became constant again, the average of 5 values was determined 
and compared with the signal obtained when the probe was placed into standard solution to 
calculate molar concentrations. 
3 Results and Discussion 
3.1 Temporal change of methane detected by the diffusion probe 
The change of the CHt-signal from the ΡΑ-cell was monitored when the probe was placed at 8 
mm depth in a microcosm made from 15 g soil (fig. 6.2). The signal increased immediately 
after placing the probe into the soil reaching >90% of a new stable value within 3 min. The 
flow rate of the carrier gas was 0.75 1/h resulting in a gas exchange time of 2.1 min. for the 26 
ml volume of the ΡΑ-cell. The time needed for establishing a stable diffusion gradient through 
the membrane of the diffusion probe was thus about 1 min. This is in agreement with earlier 
observations8. To be sure that 3 min. of time delay between two depth stages is enough for 
reaching a stable ΡΑ-cell signal the carrier gas flow was increased to 1 1/h in the further 
experiments. 
Fig. 6.3 shows the signal of the ΡΑ-cell when a depth profile of CH4 was measured in the 
rice microcosm. The profile was measured in 1 mm depth steps with 3 min. delay time between 
each step. The signal increased with each step, but not all steps reached a clear stable value. An 
advantage of photoacoustic measurement was that the signal could be monitored; thus it was 
controlled that the concentration was determined after a stable level was reached. 
When the probe was kept in a certain depth for a longer time (fig. 6.4), after a certain 
time the methane signal of the probe decreased to a lower value which eventually again became 
stable. Thus, we have to distinguish between two different stationary values, a short time and a 
long time one, which can be interpreted in the following way: the first stable value reached 
after 3 min. exposure represents a (quasi) steady state diffusion gradient through the membrane 
as the rate-limiting transport process. Later on the concentration of methane in the surrounding 
soil decreases resulting eventually in a new steady state that is limited by the transport through 
the soil towards the membrane. This gives the second stable level that is reached after ca. 15 
min. Since the first stable value is less affected by soil characteristics and yields a faster 
response time it was used for our concentration measurements. 
A CHi-profile was measured in a microcosm, made of 20 g soil starting at the soil 
surface above a large gas bubble that was embedded in the soil (fig. 6.5). When the membranes 
of the probe reached the bubble, the methane signal of the probe increased to a 3-fold higher 
value). A gas bubble in equilibrium with the surrounding water possesses a 30.6 
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fold higher CH4 concentration (l/aB; Bunsen solubility coefficient at 25°C: aB = 0.0327)20 than 
the water. Therefore, the signal should have increased by a factor of 30.6 instead of 3 when the 
membrane-covered-tip of the probe entered the gas bubble. In addition, the diffusion 
coefficient of CH4 in the gas bubble is much higher than in water (at 25°C the diffusion 
coefficients are 1.73 10"5 cm2/s in water and 0.22 cm2/s in air23. However, we observed an 
increase of the signal by a factor of 3 when the probe entered the gas bubble. This smaller 
increase can be understood if one assumes that the probe measures the CH4 concentration 
within a water film covering the surface of the membrane. The probe thus actually measures 
the relatively low concentration in the water film, but is also affected by the higher 
concentration in the gas volume near to the film being within the diffusion range of the 
membrane. Evaporation of water from the waterfilm (making it thinner) could be the reason for 
the slight increase of the signal which was observed when the tip of the probe was located in 
the bubble. The steep increase and decrease of the signal at the upper and the lower border of 
the gas bubble, respectively, is consistent with a spatial resolution by the probe of 
approximately 1 mm. 
3.2 Measurement of vertical CH4-profiles in soil microcosms 
Increasing amounts of soil used for preparation of microcosms resulted in increasing depth of 
the soil and in higher total methane production since the deeper soil layers were methanogenic. 
This in turn yielded steeper gradients of CH4 concentration (fig. 6.6). 
At the soil surface i.e. between 2 and 3 mm depth, the CH4 concentrations were <10 μΜ 
indicating that the methane transported upwards by diffusion is consumed at this depth, 
presumably by methanotrophic bacteria11'24'25. Since there is a sharp bend in the vertical 
profiles between 2 and 3 mm depth most of the methanotrophic activity must be concentrated 
in a layer of « 1 mm thickness. Frenzel et al.7 showed oxygen profiles in rice paddy soil with 
O2 concentrations becoming <5 μΜ below 2-3 mm depth. Obviously, the methanotrophic 
bacteria that require both O2 and CH4 are active in the shallow layer where the gradients of 
CH4 and O2 just overlap. In the microcosms the methanotrophic layer did not change in depth 
(fig 6.6), although the slope of the CH4 concentration profiles and therefore the diffusive flux 
differed, indicating that the depth where the layer of methanotrophic bacteria have developed 
depended mostly on the oxygen penetration depth. 
When the microcosm was incubated under light the layer of methanotrophic bacteria 
seemed to be at the same depth as when incubated in the dark (fig. 6.7). This was surprising, as 
the algal layer should produce O2 and thus cause a deeper O2 penetration and CFLt-gradient 
reaching this depth. Another observation was that the illuminated microcosm did not form gas 
bubbles >0.5 mm in size even after 3 months of incubation. The profile obtained in the 
illuminated microcosm reached higher concentrations. Probably the primary production of the 
algae yields additional substrates for methanogenesis. Further study of processes responsible 
for bubble formation and influence of algae on surface in soil is needed. 
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Fig. 6.8b: Probe made from teflon 
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3.3 Measurement of DMS and TMA 
Photoacoustic multi-line measurements (see Ch. 4) allow the detection of several compounds 
in the same gas sample. Therefore we tried to apply the gas diffusion probes in combination 
with PA for measurement of DMS and TMA. After unsatisfying experiments with the stainless 
steel probe (with a silicon membrane) another probe was constructed that was mainly from 
teflon - to reduce the number of materials possibly responsible for adsorption effects - and 
contained a larger window covered with a Goratex®-membrane, also a teflon material. This 
probe was placed successively into standard solutions of CH4, DMS and TMA, and the 
diffusion of the used compound into the gas diffusion probe was monitored by use of the PA 
cell as function of time (fig. 6.8a,b). The signal of methane and DMS reached a maximum and 
returned to zero (after removing the diffusion probe from the standard solution) with similar 
time constants. The relatively slow decay of the signal when the probe was taken out of the 
standard solution was probably due to the fact that the buffer volumes at the outlet of the PA-
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cell was not diluted by additional buffer flows (see chapter 3). Measuring high concentrations 
over long times results in accumulation of high concentrations in the buffer volume. After 
switching to zero concentrations the compound diffuses back from the buffer into the 
resonator thus keeping the resonator signal from returning immediately to zero. Actually at a 
carrier flow of 11/h up to 15 % of the resonator volume may be diffusively filled with trace gas 
dwelling in the buffers (see fig. 3.5). 
The first plateau of the signal that had been observed with the silicone membrane-
covered probe was not seen with the Goratex®-covered probe. Due to the relatively large 
Goratex®-membrane area the amount of dissolved substance in front of the membrane was 
exhausted with a time constant shorter than the response time of the analytical system. A stable 
value was reached after much a longer time with methane than with DMS, probably because of 
the smaller diffusion coefficient of DMS (molecular weight = 62 g/mol, for comparison CH4 
has 16 g/mol). 
These promising results encourage us to use micro-porous (Goratex®) membrane-
covered probes together with the PA detector operated as a multi component detector. 
When the Goratex®-covered gas diffusion probe was placed into a standard solution of 
TMA, the signal (fig. 6.8b) increased first similar as in CH4 and DMS. But then it increased 
slowly further over a long time. This behaviour may result from adsorption of TMA on the 
surface of components of the probe. On the other hand due to adsorption a gradual signal 
increase was expected leveling off towards a constant value26. The relatively comparable low 
amplitude of the signal could possibly be explained by TMA loss due to formation of the 
trimethylamonium cation27 which is not volatile and therefore cannot penetrate the membrane 
of the gas diffusion probe. Thus Goratex is not the membrane material suited for TMA 
detection. 
4 Conclusions 
We reported here for the first time the combination of photoacoustic trace gas detection in 
combination with a gas diffusion probe for measurements of methane gradients in rice paddy 
soil. Our results compare well with previous results employing a gas Chromatograph as 
detector. In contrast to gas chromatography photoacoustics offers the possibility of continuos 
measurements at a improved time resolution depending on the carrier gas flow and the volume 
of the ΡΑ-cell. It furthermore offers a detection limit that is 10 fold lower. 
With a gas Chromatograph, only a limited number of different trace gases can be 
monitored depending on the specificity of the separation column and the detector. 
Photoacoustics, on the other hand, is restricted to the measurement of relatively small 
molecules having an absorption in the wavelength range of the laser used. Practical laser 
sources for photoacoustic trace gas detection are the СОг-laser (9-11 цт) 2 8 , the AV=1 CO-
laser (4.8-7.8 ц т wavelength) and the AV=2 CO-laser (2.5-3.8 ц т wavelength)29. With these 
lasers multi-component mixtures can be measured as demonstrated in chapter 4. With the 
AV=1 CO-laser mixtures of DMS, TMA and methane could be measured. 
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The gas diffusion probes operate achieve a spatial resolution and a precision inferior to that of 
micro-electrodes 3 0 which consist of an electrochemical detector build into the tip of a 
capillary 
In future we still expect to improve the detection limit for the experimental arrangement 
by reducing the noise of the diffusion probe and reducing the volume of the PA cell If the 
noise can be reduced it would be possible to further reduce the response time of the system. 
Then the membrane diameter could be reduced resulting m a better spatial resolution. 
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Methane emissions from cockroaches 
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Abstract 
42 different species of cockroaches were analyzed for CH4 emissions by gas chromatography. 
Of these species, 33 produced significant amounts of methane. It could be confirmed that the 
CH4 originated from methanogenic bacteria that were found exclusively in the hindgut of their 
hosts. Characteristically, this part of the intestinal tract is enlarged, and its luminal side is 
covered by numerous "hairs" (trichomes). These cuticular differentiations enlarge the surface 
of the hindgut and facilitate a strong attachment of a mucous layer that harbours many 
bacteria. In a number of species, anaerobic ciliates of the Nyctotherus-type were found. These 
ciliates contained intracellular methanogens. Small mastigotes were detected only in a few 
species, most of them devoid of intracellular methanogenic bacteria. 
On line photoacoustic measurements of CH4 and C02 release were performed on six 
cockroach species. It could be confirmed that virtually all CH4 was released by breathing and 
not by breaking winds. Moreover, it could be shown that also early larval stages of 
cockroaches emit CH4. The mean of all CH4 emissions by cockroaches was 39 ± 23 nmol/g 
fresh weight /hour. This reinforces the assumption that cockroaches can contribute significantly 
to global warming. 
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1 Introduction 
The contributions of termites to the global methane budget have been subject to very 
controversial discussions. The estimations ranged between some 1 to 10 % of the total of the 
annual methane emissions, and there was a tendency to assume that insect-borne methane was 
unimportant in view of climatic effects1"6. However, recently it has been shown that in addition 
to termites other arthropods emit methane: millipedes, cockroaches and scarab beetles release 
methane, too7. Methane emission is likely to be a taxonomie character, because most species 
belonging to one of the positive taxa produced methane whereas no individual belonging to a 
"negative" taxon ever was found to release significant amounts of methane. Many of the 
methane producing arthropods possessed morphological adaptations such as an enlarged 
hindgut where complex microbial biota degraded the digested food by anaerobic 
fermentations8"10. Methanogenic bacteria were detected exclusively in the hindgut of the 
methane-emitting species, and sometimes anaerobic protists with intracellular methanogens 
were present in the same intestinal compartment7. 
A correlation between the body-weight of the host and the methane emission has been 
demonstrated7, but it remained unclear whether this correlation was linear over the whole 
range. Especially, it had to be analyzed how the methane-emissions depended on the size and 
developmental stage of the arthropod host. Since methanogenic bacteria depend on a strictly 
anaerobic environment, one could imagine that small insects with tiny hindguts might be unable 
to provide a suitable habitat for these organisms. Finally, it remained unclear on which route 
the intestinal methane reached the atmosphere. 
Therefore, we analyzed a large number of cockroach species for their methane 
production and the presence of morphological adaptations. Larvae of different sizes were 
studied, and the localization of the methanogenic bacteria was determined by fluorescence 
microscopy. The development of a photoacoustic CO-laser setup enabled us to measure the 
emissions of a single insect, and the parallel use of an infra-red gas analyzer (URAS) allowed 
the simultaneous recording of the C02 release (chapters 3 and 8). This technique also 
permitted quantitative determinations that could be compared with gas chromatographic 
measurements. In this publication we describe studies on 42 species of cockroaches. We will 
demonstrate that cockroaches can contribute significantly to the global methane budget. 
2 Material and methods 
Gas chromatography: Depending on their size, one to twenty cockroaches were placed in 
serum vials of a volume of 50 or 250 ml, respectively. The vials were sealed with butylrubber 
stoppers, and incubated at 21°C for 4 - 2 4 hours. Methane concentrations were measured by 
subjecting gas aliquots of 0.2 ml to chromatography on a PYE Unicam gas Chromatograph 
with a FID detector. The samples were removed from the vials with the aid of a hypodermic 
syringe. One ml of ethane was added to the vials prior to the measurements as an internal 
standard10. 
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Laser/URAS: Cockroaches were placed in a glass cuvette (diameter 25 mm, length 50 mm). A 
flow of air (1 1/h) was led through the cuvette towards the PA cell of the detector. Potential 
contaminations by hydrocarbons were removed by passage through a Ah03 catalyst. Water-
vapour was removed by a cooling trap. By switching between two laser lines, a weak and a 
strong absorption line of methane, the concentration inside the PA cell was determined. (For 
details see chapter 3). After passing the cuvette, the flow was partially directed to an infra-red 
gas analyzer (URAS) allowing to monitor C02 concentrations parallel with the methane 
release. 
For the quantitative methane determinations displayed in fig. 7.4, a flow of 20 1/h was 
passed over the animal. Measurements with the PA detector were performed on one laser line 
to allow the recording of fast releases of methane (time response 7 seconds). For details of the 
calibration procedure, see chapter 3 and for results of the fast time response measurements see 
chapter 8. 
Fluorescence microscopy: Cockroaches were anaesthetized by C02, and dissected under a 
dissecting microscope. The hindgut was removed, opened, and controlled for the presence of 
large ciliates. Small pieces of the tissue and of the intestinal contents were placed on a 
microscopic slide, and squashed under a coverslip. With the aid of a Leitz fluorescence 
microscope the preparations were studied by bright-field optics and at 420 nm in order to 
detect the specific blue autofluorescence of the F420 cofactor that is specific for mcthanogenic 
bacteria". 
DIC (Differential Interference Contrast) microscopy: For the study of the "hairs" 
(trichomes) that cover the luminal (inner) surface of the hindgut of many species, hindguts 
were opened and incubated in a 10% solution of KOH at 4°C overnight. This treatment 
removed the bacteria and the intestinal cells; after washing the chitinous residues in insect 
ringer's solution, they were subjected to DIC microscopy. 
Cockroaches were from the cultures of the Dept. Microbiology and kindly supplied by Prof. 
Dr. Horst Bohn, University of München, Germany 
3 Results 
Methanogenesis is a taxonomie character: The analysis of 44 species of cockroaches 
revealed that approximately 80% of the species studied released significant amounts methane 
(table 7.1). Methane-producers were found in all higher taxa of cockroaches, and in nearly all 
of the families studied. All cockroaches analyzed so far possessed a well-developed hindgut; in 
those species emitting substantial amounts of methane, the hindgut was significantly enlarged 
and frequently S-shaped. Fluorescence microscopy confirmed the presence of methanogenic 
bacteria in all animals that released methane. Likewise, the absence of F420 fluorescence from 
hindgut preparations substantiated the absence of methanogens from those cockroaches that 
did not emit methane. 
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Loboptera 
decipiens 
Parcoblatta lata 
Shawella 
couloniana 
Symplece pallens 
Ectobllnae 
Ectobius spec* 
Nyctibormae 
Nyctibora spec 
(Costa Rica) 
Blabertdae 
Biabe rotd 
Complex 
Zetoborinae 
Schultesia 
lampyndiformis 
Bleberlnae 
Archimandrita 
spec 
Archimandrita 
spec (Costa Rica) 
Blaberus fuscus* 
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Blaberus giganteus 
+ · 
Blaberus spec (C 
Rœa) 
Byrsolna fumigala 
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Eublaberus 
posticus 
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Gen near 
Pycnoscelue 
(Malaysia) 
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sunnamensis (Am, 
Ar Du Co)* 
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Diploptera punctata 
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Panchlora nrvea* 
3(ns) 
56 
Sins) 
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-
40 
17 
14 
15 
4 9 ' 
36 
15/49* 
19 
44 
27 
11 
35 
26 
80* 
26 
no 
simple 
nd 
small 
nd 
small 
btg 
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long 
v b t g , 2 
part 
big 
b i g , S -
shaped 
big 
big, S-
snaped 
long, 
2 part 
v b i g , 
d o u b l e s 
big 
big 
smafl 
no F420,no 
protists 
nd 
n o F 4 2 0 ; n o 
protists 
nd 
no F420, no 
protists 
free, no 
protists 
free, no 
protists 
tree, no 
ciliates 
nd 
free, al istes 
f ree, many 
ciliat 
free, abates 
nd 
Iree.few 
cilates 
free, no 
protists 
free, no 
protists 
Iree.ciliates.m 
a-stigotes with 
stable F420 
free, many 
ciliates and 
mastlgotes 
free.clliates 
and/or 
mpstigotes 
free and on 
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ciliates 
no F420, no 
protists 
0 0 5 
0 21 
0 21 
0 0 9 
0 4 0 
0 1 2 
6 4 6 
5 4 4 
3 6 2 
4 01 
2 76 
4 18 
3 4 0 
2 1 1 
0 2 3 
0 2 6 
• 
Blattoldea 
Blattlda* 
В lattina« 
Blatta onenlaliG 
Blatta onentalis' 
(By) 
Deropeltis spec A 
(Kenya, Mombasa) 
Deropeltis spec В 
(Kenya) 
Deropeltis spec С 
(South Africa) 
Penplaneta 
americana 
Penplaneta 
americana* 
Penplaneta 
australasiae 
Penplaneta 
australasiae* 
Penplaneta 
brunnea 
Penplaneta 
fulginosa 
Potyzoeterilna« 
Eurycotis fiondane 
Blaberotdea 
Potyphaghtae 
Polypheglnaa 
Poryphaga 
aegyptiaca 
BlattaHktoe 
Ptectopterinae 
Eudromiella spec 
(Costa Rica) 
Lupparla spec 
(Luzon, 
Philippines) 
Supella longtpalpa 
Supella 
supellectilium* 
B l a t t e l l i n » 
Blattella germanica 
Blattella 
germanica* (Co.Fr) 
Blattella 
germa ruca'(Du,Mg, 
3xW) 
Ischnoptera spec 
(Costa Rica) 
methane 
[nmol/g/ 
4 
104 
52 
56 
32 
34 
85* 
48 
3 1 * 
77 
44 
76 
71 
-
9(ns) 
14(ns) 
49* 
17 
3 1 * 
-
8(ns) 
hindgut 
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big 3 
partitions 
big (S-
snaped) 
btg 
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very big 
big, 
partition 
small 
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simple 
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simple 
medium 
small 
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simple 
melhanogens/ 
protists 
free .adates 
(ree 
free, ciliates 
free, ciliates 
nd 
free, ciliates 
free, cillâtes 
free, few 
ciliates 
tree .few 
ciliates 
free, ciliates 
free, ciliates 
free ciliates 
free, abates 
no F420. no 
ciliates 
no F420, no 
al iates 
no F420, no 
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free, masti go te 
s 
free, no 
ciliates 
free, no 
protists 
noF420 
no F 420; no 
protists 
mean-
weigth 
[gram] 
0 4 4 
0 9 6 
2 0 8 
1 30 
1 12 
0 6 5 
1 05 
0 5 8 
2 3 4 
0 2 5 
0 07 
0 0 3 
0 0 5 
0 0 5 
0 0 3 
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Oxyhalolnm 
Gromphodorhina 
chopardl 
Grornphodomma 
portentosa + * 
Leucophaea 
made гае 
Leucophaea 
maderae' 
Nauphoeta cinerea 
Gen near 
Gnffmiella (Malawi) 
Epllamprold 
Complex 
Epilampiinae 
Rhabdobtatta spec. 
(Luzon, 
Philippines) 
100 
46/49" 
20 
1B* 
50 
33 
30 
Ыд 
vbig, 
3parts 
very btg 
2 part 
big. 2 
part. 
free, ciliates 
free; ciliates 
Ігве andón 
hairs; no 
protists 
tree, no 
protists 
free, small 
mastigotes 
wrthF420 
free, many 
alíales 
Iree; no 
prottsts 
263 
β.86 
2.23 
0.61 
024 
0.56 
Table 7.1: Methane emission and 
morphological adaptations in cockroaches. 
Full-grown cockroaches or larvae of the hst 
developmental stage were incubated in 
stoppered vials. The weight of the insects was 
determined and methane production was 
measured by gas chromatography and 
expressed as nmol CH^/gram living cockroach/ 
hour. At least one specimen of each species 
was dissected and the anatomy of the intestinal 
tract was examined. The hindgut was opened 
and checked for the presence of protists. 
Squash preparations of the hindgut wall and 
the digests were made and studied by 
fluorescence microscopy. Cuticular 
differentiations were scrutinised by DIC 
microscopy after treatment of samples of 
hindgut tissue with KOH. 
nd: not done; ns: not significant; 
free: free methanogenic bacteria 
The methanogenic bacteria were found among the digested food particles, and in a mucous 
layer that regularly covered the inner surface of the hindgut of the producer-species. In a few 
species, methanogenic bacteria adhered directly to the trichomes that covered the luminal side 
of the hindgut (cf. table 7.1). In addition to the methanogens, the mucous layer harboured 
numerous bacteria that did not show F42o fluorescence. The adhesion of this layer and of the 
bacteria seemed to be improved by numerous chitinous "hairs" (trichomes), that 
characteristically covered the luminal (inner) surface of the hindgut of most of the 
methanogenic species (fig. 7.1). These trichomes also increase the inner surface of the gut 
considerably. Nyctibora spec, provides the most impressive example for an adaptive 
enlargement of the surface by numerous trichomes and by finger-like protrusions of the hindgut 
epithelium (fig. 7.1). Protozoa and their cysts were found mainly in the larger species: ciliates, 
always with intracellular methanogens, clearly predominated (table 7.1). In our samples, 
substantial numbers of protists were lacking from those species that belonged to the families 
Plectopterinae, Blattellinae, Ectobiinae, Nyctoborinae, and Zetoborinae. In a few cases, many 
small flagellates (with and without methanogens) were found (table 7.1). 
A peritrophic membrane enclosed the ingested food particles similar to a dialysis tube during 
its passage through the proventriculus and the midgut like in other insects12. However, in all 
methanogenic cockroach species studied, the peritrophic membrane was absent from the 
hindgut. Apparently, the peritrophic membrane became mechanically disintegrated at the 
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junction between midgut and hindgut by trichome-like chitinous differentiations that were 
found in all species with a large hindgut (fig. 7.1). 
Methane emissions are highly variable, but proportional to the weight of the cockroach: 
Quantitative gas chromatographic determinations of the methane production by the various 
species of cockroaches are shown in table 7.1. The variability was high, also if expressed as 
methane production per gram fresh weight - for biological and not for technical reasons. The 
mean of the methane production rates per weight, however, was a reasonable figure for all 
species (and the different breeding lines) measured. The mean emission rate for the different 
species and stocks shown in table 7.1 was 43 ± 24 nmol/g/h. It is comparable to the previous 
measurements (46 ± 24 nmol/g/h) and characteristic for the whole cockroach taxon (table 7.1; 
cf. réf. 7). Compilation of the results of both table 7.1 and table 7.2 gives a mean of 39 ± 23 
for 59 different samples. 
The study of different developmental stages and of insects of greatly varying size 
revealed that even small larvae, 11 mg in weight, with an estimated hindgut volume of less than 
lmm1, produced significant amounts of methane. On a weight-basis some samples of small 
larvae produced even more methane than full grown insects (table 7.2). The means of the 
methane production/body weight by larvae and imagines (full grown insects), however, were 
not significantly different: 32.5 ± 27.5 nmol/g/h for larvae, and 28.7 ± 18.5 for imagines. 
The big cockroaches belonging to the family Blaberinae produced significant amounts of 
Table 7.2: Influence of 
the developmental stage 
and fresh-weight on the 
methane production. 
Adult (and last larval 
stage) cockroaches, and 
young larvae 
(predominantly second-
instar), respectively, were 
incubated as discribed 
Methane production was 
determined by gas 
chromatography. Three 
measurements were 
performed, and the mean 
weight was calculated. 
species 
Penplaneta 
americana 
Penplaneta 
bmnnea 
Nycbbora 
Blabews 
distanti* 
Pycnoscelus 
sunnamensis 
Nauphoeta 
cinema 
Giompho-
dortima 
portentosa 
Rhabdoblatta 
E (imagines) 
# individuels 
5,5,5 
10,15, 20 
2,2,2 
18,14,15 
3,3,3 
10,12,15 
2,2,2 
20,20,15 
5,6,7 
10,20,20 
5,5,5 
10,10,10 
3x2 
3 χ 10/12 
3x2 
3x20 
81 
mean weight (g) 
0 71 
0033 
1 16 
0 007 
0 68 
0 031 
400 
0 018 
0 38 
0 028 
0 52 
0 032 
4 20 
0 061 
0 45 
0 011 
1 514 ± 1 51 
methane (nmol/g/h) 
253 ± 9 0 
68 0 ±13 6 
4O0t36 
181 ±14 
29 8 ±14 4 
104 ±22 
30±10 
83±21 
59 5 ±16 8 
74 7 ±273 
186±12 
31 3±90 
35 2 ±12 7 
193 t 73 
IS 2 ± 6 5 
29 8 ±17 
28 7 ± 18 5 
Σ (larvae) 356 0 028 ± 0 017 32 5 ± 27 5 
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Fig. 7.1: Cuticular differentiations of the cockroach hindgut. A: Trichomes at the junction 
between midgut and hindgut; apparently, they destroy the peritrophic membrane prior to the 
entry into the hindgut. DIC-microscopy ofKOH treated tissue. Magnification: 400 x. 
B; Trichomes covering the luminal surface of the hindgut of Blaberus spec. .Low magnification 
view at the trichomes after KOH treatment. Dark-field microscopy, Magnification: 45 x. 
C,D: Villus-like differentiations of the luminal surface of the hindgut of Nyctibora spec. 
Squash preparation. C: The bright-field view reveals that each villus contains a trachea with 
its tracheolar branchings. A mucous layer with numerous bacteria covers the trichomes. 
D: Chitin-autofluorescence of the same preparation. The large number of trichomes that 
originate from the cuticular surface of the villi becomes clearly visible. Magnification: 200 x. 
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Fig. 7.2: Cartoon of the gas-emission of a single cockroach. 
On-line measurements of the CH4, CO2, and water-vapour emissions with the aid of the CO 
laser and the URAS reveal that these gases are released simultaneously. A flattering period 
(F) initiates the breathing-cycle; the ventilation phase (V) causes the highest concentration of 
all three gases in the ambient air. The concentrations decline and reach the base-line when 
the insect enters the constriction period (C). Note the differences of the rise and decline of the 
concentrations between the gases. 
methane. On weight basis, their production was lower than that of the medium-sized species 
such as Periplaneta americana, but within the range of the average producers (table 7.1). 
However, it is likely that our measurements reflect the suboptimal breeding conditions for 
these neotropical species in the laboratory. Thus, the unusually low numbers of protists in their 
hindguts indicate breeding problems rather than a characteristical bias in favour of the medium-
sized cockroaches of the Periplaneta group. 
Methane is emitted by breathing, and not by winds: Monitoring the methane emissions of 
individual cockroaches with the aid of a photoacoustic CO laser setup revealed a regular cyclic 
release of methane (fig. 7.2). The measurements of several representatives of a number of 
different species reconfirmed the periodicity of the methane outbursts, but revealed significant 
differences in the frequency of the cycles and the concentrations that were released (fig. 7.3). 
Simultaneous registration of the CO2 release showed that methane and C02 were emitted 
synchronously, with only slight differences in the rise and the decline of the concentrations. 
Measurements of the water-vapour release revealed that it was emitted in phase with C02 , 
suggesting that methane was discharged by breathing (fig. 7.2, 7.3; cf. chapter 8). Comparison 
of several species confirmed that C02, H20, and methane emission cycles coincide. 
Characteristic differences between the release patterns of the three gases were found (Ch.8). 
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Fig 7.3: Periodical methane emissions by representatives of the different species of 
cockroaches a. Gromphadorhina portentosa b. Blaberus spec, с Periplaneta Australasia 
d. Periplaneta americana e. Pycnoscelus surinamensis f. Nyctobora Spec. 
Methane concentrations were determined by a photoacoustic (PA) cell placed in the cavity of 
liquid nitrogen cooled CO-laser laser (see chapter 3). The carrier flow over the animal and 
through the PA cell amounted 1 l/h. (fat aflowrate of 5 l/h). Note the characteristic 
differences of the breathing frequencies. 
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Not only the breathing frequency of the different species showed a broad variation. Also 
individual cockroaches of one species revealed a certain variability: accelerations of the 
breathing frequency and changes of the mode of the gas release allowed to detect stress (fig. 
7.3; cf. Chapter 8). But also high time-resolution recording of the gas release confirmed that 
methane emissions parallel the CO2 discharge. During all phases of the characteristic breathing 
cycle the complete match between the release of these gases was conserved (fig. 7.2, 7.3; cf. 
Chapter 8). 
Quantitative evaluation of the methane emissions reveals that the amounts measured by 
gas chromatography and laser-techniques are nearly identical. Virtually all methane is released 
by breathing and not by other routes (see caption fig.7.4). 
4 Discussion 
Our study confirms that methanogenesis is a taxonomie character: 80% of the cockroaches 
studied emitted methane and possessed characteristic functional adaptations (table 7.1). The 
hindgut was enlarged and differentiated as a fermenting chamber in all species that released 
significant amounts of methane. The thorough mixing of the digests in the hindgut was 
facilitated by the disintegration of the peritrophic membrane prior to the entry into the hindgut. 
The peritrophic membrane of the cockroaches surrounds the digests throughout their passage 
through alimentary canal like in other insects12, but it seems to be disrupted mechanically by 
chitinous devices at the junction between midgut and hindgut. These trichomes had a species 
specific morphology, but it was present in all methanogenic species (fig. 7.1). 
The inner surface of the hindgut was covered with numerous trichomes especially in 
those species with a rich intestinal microbial ecosystem (table 7.1; fig. 7.1). Many 
morphologically different bacterial species - methanogens and non-methanogens formed a 
complex bacteria] layer, that was bound by mucous compounds. Sometimes the bacteria adhere 
directly to the trichomes, in a few cases also the methanogenic bacteria. The morphology of 
the methanogenic bacteria is rather variable, and regularly several types were found in a 
species. The variability between species suggests highly specific associations between 
methanogenic bacteria and their hosts7. 
Methanogenic bacteria and structural adaptations, too, were detected in nearly all 
families of cockroaches analyzed (table 7.1): with the exception of the Ectobiinae, no family is 
"free" of methanogenic species, suggesting that every lower cockroach taxon is principally able 
to harbour methanogens. The morphological differentiations and methanogenic bacteria were 
Fig. 7.4: High resolution measurements of a breathing cycle of Gromphadorhina portentosa. 
A calculation of the average methane release during one cycle coincides with the 
measurements by gas chromatography prior to the photoacoustic CO-laser experiment. 
a Gaschrom: 0.11 \imol/h, Photoacoustics: 0.09 \imol/h 
b Gaschrom: 0.35 μηιοΐ/h, Photoacoustics: 0.29 \imol/h 
Consequently all methane is released by breathing. 
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identified also in young larvae: consequently, also small larvae with tiny hindguts (volume less 
than 1 μΐ) harboured a complex microbial ecosystem that facilitated the maintenance of an 
anaerobic environment for the methanogens. The infection of the young insects occurred most 
likely by coprophagy and social contacts8'9,13; one might speculate whether these infections are 
essential for the growth and development of the hindgut, similar to the situation in the 
developing rumen of young ruminants14. 
Table 7.1 reveals that protozoa were facultative inhabitants of the hindgut of 
cockroaches. Characteristically, ciliates of the Nyctotherus-type were found in species 
belonging to the families of the Blattinae, Polyzosterinae, Polyphaginae, Blaberinae, 
Pycnoscelinae, Diplopterinae, and Oxyhaloinae, while such protists were absent from 
representatives of the Plectopterinae, Blattellinae, Ectobiinae, Nyctiborinae, Zetoborinae, 
Panchlorinae, and Epilamprinae. The presence of mastigotes (flagellates) appeared to be 
variable, and might indicate opportunistic infections. Only a few species of cockroaches 
belonging to the first set of families seemed to be "resistant" against infection with substantial 
numbers of ciliates in their hindgut (i.e. P. australasia). Whether this reflects a principal 
difference to other species or the loss of a highly specific symbiont during the laboratory 
culture, remains unclear. Comparing different breeding lines of several cockroach species 
revealed that protozoa were eventually lost during cultivation in captivity13. In general, the 
presence of protozoa was a rather stable character, as already demonstrated for a number of 
cockroaches and other arthropods.7,15'16Interestingly, we never found ciliates lacking 
intracellular methanogenic symbionts; in contrast, most of the small mastigotes found in the 
hindgut of some species were devoid of intrancellular methanogens. We also never found that 
cockroaches harbour methanogenic protozoa in the absence of intestinal methanogenic bacteria 
- comparable to the situation reported for millipedes7. These protozoa (and their cysts) harbour 
more than 4,000 individual, endosymbiotic methanogenic bacteria, similar to many of the free-
living, anaerobic protozoa17. 
On-line measurement of the gas discharge of cockroaches by the photoacoustical CO 
laser setup revealed that insects did not break winds to release the methane that is formed in 
the hindgut. Rather, the methane was released by breathing like in amphibians, reptiles, birds 
and mammals. In these animals, methane is generated in anaerobic fermentations in the rumen 
or the caecum and hindgut.18"26 ; the methane is taken up by the body fluids (blood), 
transported by the circulation through the body of the host, and released via the lungs. In 
cockroaches, the respiratory C0 2 and apparently also the methane dissolve in the hemolymph 
and are transported through the hemocoel. There is no physical contact of tracheal tips with 
the lumen of the hindgut (fig. 7.1). Therefore, both gases must diffuse into the trachea via the 
hindgut epithelium and the hemolypmph. Methane and C0 2 are released via the spiracle 
openings to the atmosphere since high-resolution recordings of the gas emission reveal that 
methane is released by the same processes that enable the characteristic gas respiratory 
exchange of cockroaches27. The different solubilities and diffusion constants seem to be 
responsible for the slight differences in the kinetics of the discharge of methane, CO2, and 
water (cf. Chapter 8). 
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We were able to show that nearly all methane was released by breathing, and that both gas 
chromatographic determinations and photoacoustic CO laser measurements yielded 
comparable quantitative figures (fig. 7.4). Methane emissions of undisturbed, resting 
cockroaches were constant over several hours also under the experimental conditions of the 
CO laser measurements. A comparable linearity of the methane production in stoppered vials 
had been shown earlier by gas chromatographic determinations10,7. Therefore, quantitative 
methane measurements with both methods can give reliable information about the emissions by 
arthropods. The differences between most cockroach species studied were large, but not 
significantly larger than between individuals of one species25 (table 7.1, 7.2). A comparison 
between the results of this study and the earlier figures7 shows that a reasonable estimation for 
the average methane production by a whole taxon can be made. Since the methane emissions 
per weight do not depend on the size of a cockroach or its developmental stage (Tabel 7.2), 
the data provided by ecological field studies can be used to calculate the methane production 
by insects in those regions where reliable biomass and abundance data are available.7,28 
Calculations on this basis revealed a potential global surplus of 200 Tg of methane/year with 
respect to the current estimations.4,6,7 Since it is unlikely that the emissions of cockroaches are 
oxidized before reaching the troposphere, our findings might either indicate a shorter half-life 
for atmospheric methane or the presence of additional sinks for methane that had been 
insufficiently recognized. 
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Abstract 
A detailed analysis is presented of on-line measurements of water vapour, CH4 and C02 
release, from the rose chafer Pachnoda marginata (Cetoniidae), the Madegascan hissing 
cockroach Gromphadorhina portentosa (Oxyholoinae), and the pangaeic cockroach 
Periplaneta americana (Blattidae). Simultaneous measurements of these three gases allow to 
distinguish between the different types of burst periods during the CFB breathing cycles of 
insects at rest. For Periplaneta americana it could be shown that the breathing frequency 
correlates similarly with the mass as has been found in mammals. In addition, recordings of 
CO2 and water vapour release from the sow-bug Oniscus asellus (Crustacean) the centipede 
Lithobius forficatus and two flies of Calliphorid spec, and of Lucilia spec, are presented. 
These arthropods do not emit CH4. 
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1 Historical survey 
The field of insect breathing has already been the subject of discussions since a long time. The 
function of the tracheal system (see fig. 8.1) for gas exchange between the atmosphere and the 
tissue had already been recognized in the 18th century. The importance of body movements for 
breathing to exchange tracheal gas contents, had among others been discussed by Lesser'. The 
possibility of diffusive exchange of gases was noted in 1814 by Treviranus2. It was not until 
1920 that in a classical paper Krogh showed by modeling that insects could take up sufficient 
oxygen by diffusion only through the tracheal system3. Only active insects were supposed to 
ventilate. Spiracular valves (see fig 3.6) can close the tracheal system from the atmosphere and 
Hazelhoff (1926)4 believed that Periplaneta americana only ventilated for a short time after 
activity. He suggested that the spiracles could reduce loss of water vapour. He concluded from 
experiments in which air with elevated concentrations of CO2 was flushed over individual 
valves, that the cyclic opening of the valves was regulated by a threshold of the internal partial 
pressure of CO2 of about 3-4 кРа. CO2 release from insects was measured by Punt (1944 and 
1950)5 employing a diaferometric method based upon the thermal capacitance of gases. He 
also recorded simultaneously cyclic C0 2 release and 0 2 uptake based upon the same 
technique6 .(see fig 8.2). CO2 was released in cyclic bursts (B) while 0 2 uptake was more 
constant during the whole cycle. Between the bursts CO2 was released at a low rate for animals 
at rest. Gas exchange was still thought to be diffusive only and the cyclic pattern was attributed 
to metabolic payment of a (biochemical) oxygen debt. Wilkins employed an infrared gas 
analyser to present measurements of CO2 release from a cockroach Periplaneta americana1. 
He assumed diffusive gas exchange during the burst period of the animal. A vast bulk of 
literature appeared on cyclic C0 2 release in diapausing satumiid pupae (butterfly), by the 
groups of Buck8 and Schneiderman' during the fifties and sixties. The latter observed the 
spiracles and found that just after the burst for a certain period no measurable spiracular gas 
exchange took place. This period in the cycle was named С (constriction) whereas the period 
of low CO2 release inbetween С and В was called fluttering (F). During the burst period the 
animal opened the spiracular valves to a large extent. The burst period was called open (O). 
The whole СТО cycle was analyzed. Especially the measurements of intratracheal pressure, O2 
and CO2 content showed9, that there is a subatmospheric pressure in the F period and a 
constantly low concentration of oxygen of 3.5 %. CO2 is accumulated in the hemolymph and in 
the tracheal system (up to a threshold) of 6.5 % at the start of the (O) period (see fig 8.2). The 
subatmospheric pressure could serve for cyclic suction, in short periods of inflow of air. They 
showed that the F pattern of gas exchange led to a quasi constant inflow of O2. Gas stores for 
02 (tracheal system) and particularly CO2 for (hemolymph) could be optimized during the 
cyclic breathing. They proposed this theory under the name "flow diffusion" as a rationale for 
the cyclic CO2 release and to explain the continuous oxygen up take between the bursts of 
CO2. Between the bursts the spiracles flutter (F). This leads to a C0 2 and H 20 retention since 
these gases have to diffuse against the air flow sucked in and transporting the needed oxygen9. 
Water retention could have been the reason for establishment of passive suction ventilation 
(PSV) in the F period. 
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spiracular valves are situated. 
Fig. 8.2: Summary graph, showing the 
synchronous events in spiracular gas release 
during cyclic breathing. 
An infrared gas analyser (URAS, Ultra Rot Absorption Spektrometer) was also employed by 
Kestler to monitor the CO2 release from the resting cockroaches Periplaneta americana and 
Blaberus discoidalis, the resting locust Schistocerca gregaria and the resting carabid beetle 
Carabus problematicus10. He employed it for the first time in a differential way (DIRGA, 
Differential Infra Red Gas Analyser); zero drift is reduced substantially by putting the animal 
between the reference cuvette and the measurement cuvette in the carrier gas flow. The 
DIRGA measurements allowed to observe single spiracular openings in the F period and single 
volleys of CO2 release due to active ventilation (V) during the В period. CFO and CFV 
breathing were found to differ only in the burst (in general they are called CFB). Ventilation 
was achieved by dorsoventral abdominal pumping movements of the animal. This showed that 
Hazelhoffs postulated diffusion control and Wilkin's suggestion of FO breathing in 
Periplaneta americana had to be reconsidered. It was found that CFV type of cyclic gas 
exchange applies to breathing patterns for many adult insects including Punt's Carabus11, 
Hamilton's Schistocerca12 and Miller's Blaberus13. The latter two and Periplaneta10 were 
formerly assumed to ventilate discontinuously with apnoic pauses as they occur in vertebrates. 
Subsequently Kestler15 found in adult Periplaneta americana the occurrence of PSV 
during F. Both types of breathing CFO and CFV appeared to be present in pupals and adult 
insects. In the entomological literature it was supposed that ventilation was highly water 
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vapour consuming. The water retained during CO2 retention (C and F) would be released again 
during bursts especially due to ventilation. The cause for insects to ventilate during В was not 
clear. Water retention and the rationale for the cycles formed an unsolved problem in CFB 
cycles. At that time on-line water loss measurements were difficult. 
Papers on insect breathing have always emphasized the importance of the problem of 
water loss by breathing and through the cutícula (the skin). Even book reviews have been 
published on the water balance of insects without actual direct measurements of water vapour 
release16. Water vapor release was determined by unspecific discontinuous weighing with 
normal laboratory microbalances. No cyclic release patterns of insects at rest could be obtained 
and any handling of the insect induced activity. Furthermore water losses could be raised in an 
undetermined way by spontaneous activity or oral and anal losses including defecation. 
Continuously recording ultramicrobalances could differentiate between activity and 
defecation only spiracular (through the tracheal system) and cuticular water losses, however, 
could not be separated. Cuticular losses were determined after killing the insect by cyanide and 
occluding the spiracles with wax-resin mixtures17. The problem was that living insects had 
often lower water loss rates than such controls'8. 
The respiratory water losses over the CFO cycles could not be accurately recorded with 
balances as (i) cuticular losses were unknown and (ii) 02 uptake and C02 release showed a 
different pattern over the cycle (see fig 8.2). To solve the experimental problem Kestler19 '20 
used a fast vacuum recording electronic ultra micro balance (REUMB). He rebuilt it for flow 
through respirometry and combined it with the DIRGA for simultaneous recording of the CO2 
release rate. Mass changes due to O2,, C02, H20 could be determined with a time resolution 
<0.1 s: O ^ g per 24 hrs accuracy15'21. Body movements due to behaviour and breathing 
movements could be identified due to acceleration of the balance. He recorded the almost 
continuous uptake of oxygen over the CFB cycles in water saturated air15,21. Selectivity for 
water loss was achieved by recording the rates of mass changes first in water-saturated-air, 
without water loss. From the simultaneous C02 recordings he concluded that the breathing 
patterns of the animals could be considered comparable in a humid and an arid environment. 
Subsequent recordings at lower relative humidities revealed the water loss rate. The results 
showed cuticlar water loss in the С periods (constriction of spiracular valves, no breathing 
losses). Low water vapour release in the F periods and the change of water loss over the О or 
V periods could be measured as well. The observed low water loss during ventilation was 
unexpected. Kestler argued that for a given 0 2 uptake water loss due to pure diffusion was 
higher than by pure ventilation; he deduced that the CFV type could especially be important for 
insect larvae and tiny insects, to reduce their water losses. 
Direct water vapour detectors were developed. Lighten22 measured the water vapour 
loss with a dual wavelength IR absorbance analyser (DWIRAA) device along with C02. The 
resulting graphs, however, did neither resolve single volleys due to single spiracular opening 
nor pumping movements. Hadley recorded direct water vapour loss by an aluminium-oxide 
sensor with a time resolution of 5 seconds. Simultaneously, C0 2 release was measured
23
. This 
allowed observation of single ventilation volleys from a cricket. 
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2 Introduction 
Interest in on-line water measurements on insects is high. During each breathing cycle 
additional water vapour is lost. Since the animals have a large surface to volume ratio one 
might raise the question: how does an insect take up 0 2 and release CO2 at a minimum of 
water vapour loss? Note that the water vapour concentration of the tracheal system was found 
close to saturation24. 
A fast and sensitive photoacoustic (PA) cell has been developed and positioned inside the 
cavity of a liquid nitrogen cooled CO-laser as described in chapter 3. This allows us to monitor 
on-line water vapour release with a time resolution of 8 seconds. In addition, CH4 release 
could be measured with the same time resolution. In chapter 3 CH4 was shown to be released 
concomitantly with C02. Water vapour and CHLt release showed the same cyclic pattern as the 
CO2 release. 
With the developed detector the constriction (C), fluttering (F) and burst (B) periods of 
insect breathing patterns are monitored with high actographic accuracy. Single pumping 
strokes due to behaviour and individual volleys due to single spiracular movement are resolved 
and allow to distinguish between the constant cuticular water vapour losses and the changing 
diffusive and convective spiracular release of CO2, H2O and CH4. All three gases have different 
physical and biological properties. As consequence, measurements of these three gases give the 
possibility to reveal more insight in the breathing patterns of insects. 
In the rest of this chapter the basis of insect breathing is treated briefly. For that purpose 
the structure of the tracheal system, the gas exchange organ of insects, is described. Next the 
function of the most prominent gases involved in breathing, and in addition the role of CH4 and 
H2, are discussed. In detail the burst cycle for CO2 release and 0 2 uptake in resting insects are 
considered. Based upon the physical properties of the gases involved in breathing and the laws 
governing diffusive and convective gas transport the results of our measurements are presented 
and discussed. 
2.1 Tracheal system 
The tracheal system of insects consists of interconnected tubes that mediate between the 
atmosphere and the internal organs and tissues of the animal (see fig. 8.1). It serves to 
transport O2 to the tissues and to release C0 2 to the ambient air. On the open side it leads to 
the atmosphere via spiracles (see fig. 3.6). The ramifying system ends in submicroscopic tubes. 
These tracheolar endings are filled with liquid25 and extend close to the cells. The hemolymph 
(insect blood) surrounds the tracheal system. The exit to atmosphere can be closed with the 
spiracular valves positioned on both flanks of the animal. The pairs of excludable valves are 
controlled by muscles and nerves in the adjoining segments. The number of pairs of spiracular 
valves can vary. In cockroaches 10 pairs are present, the two biggest ones in the thorax and 
eight in the abdomen. The thoracic spiracles of Periplaneta americana are externally visible 
valves whereas the abdominal spiracles have internal valves at the end of a tubular external 
atrium. Note that the path for diffusion is short in these slit-like valve-openings and usually 
below 200 μπι. 
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Gases at 22°C, 1 atm. 
H2O 
co2 
СИ, 
o2 
Bunsen coeff distill 
water, [e/ll26 
0.824 
0.033 
0.027 
Diffusion coeff in air 
[cm2/s]27 
0.25 
0.16 
0.22 
0.23 
Table 8.1: Physical properties of gases. 
2.2 Function and physical properties of gases 
For more than half of their weight insects consist of water. The prominent source of water loss 
is the diffusive loss through the cutícula. This loss can be high due to the relatively large 
surface to volume ratio of these small animals. As in terrestrial plants the water vapour loss 
through the insect cutícula is reduced by a layer of wax in the cpicuticle. As a matter of fact 
crustaceans do not have such a layer and are less adapted to terrestrial habitats. 
02 is essential for the energy provision of the animal; it is present in the atmosphere at a 
partial pressure 20.93 kPa. Solubility of 0 2 in water is low (see table 8.1). Respiratory 
pigments are lacking in the hemolymph of most insects. (Pigments can raise O2 concentration 
in the liquids of certain animals but is never as high as CO2). In the flight-muscle-fibers of 
insects, large mitochondria can even be in close contact to invaginated tracheoles. By the 
tracheal air tubes insects utilize the high atmospheric concentration of O2 compared to the 
alternative of solving O2 and transporting it in blood. This air diffusion forms a successful 
alternative to convective transport through circulating blood like in mammals. 
CO2 is released as a result of respiration and intestinal fermentations. CO2 solves easily in 
water (see table 8.1) and in cytoplasm and hemolymph. Also in contrast to 02, C02 can 
additionally be stored in the ionic form of carbonates and bicarbonates in the tissues and 
hemolymph28. During its breathing cycle the animal must get rid of the surplus of stored CO2. 
The CO2 accumulates until a certain threshold of the partial pressure is reached; then large 
amounts are released as a burst of C02 by diffusion, ventilation or both (see fig 8.2). 
N2 enters the animal together with O2. As an inert gas N2 does not take part in the 
metabolism of the insect. 
H2 is formed in the intestine of the animal by bacteria (see chapter 7). It is toxic but 
forms a substrate for the methanogenic bacteria producing CH4. The methanogenic bacteria 
live in the hindgut of certain insects29 (see chapter 7). CH4 is probably transported through the 
hemolymph towards the tracheal system. The solubility for CH4 in the hemolymph is expected 
to be (much) lower than that of C02 (see table 8.1). 
2.3 The cyclic breathing pattern of a resting insect. 
To elucidate the breathing patterns of resting insects a model has been constructed based on 
the breathing pattern of a diapausing pupae of Hyalophora 9(CFO) and of Peripbneta 
americana15 (CFV) at rest (in general denoted by CFB). We will take this model as a basis to 
understand the breathing patterns of the insects analyzed in the present study (see fig 8.2). 
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Fig. 8.3a: НгО and СОг released by the Pachnoda marginata (1.14 g) during breathing 
cycles lasting 0.7 h They reveal the characteristic phases of insect breathing Constriction, 
Fluttering and the Burst. Cyclic water vapour release is on top of a background release rate 
of 145 \unol/h. 
During constriction (C) the spiracles are closed. The concentration of O2 present in the 
tracheal system decreases. O2 is consumed by the tissue; CO2 is produced. This product, 
however, dissolves easily in the hemolymph. Therefore, the CO2 partial pressure inside the 
tracheal system increases at a slower rate than the partial pressure of 0 2 decreases. This yields 
a subatmospheric pressure inside the tracheal system. Down to a partial O2 pressure of 3.5 kPa 
the animal can still use O2 for its metabolism. Note that 21 kPa corresponds to the partial 
pressure of oxygen in the atmosphere. 
To maintain the partial pressure at this level the valves must be opened repetitively and 
shortly via small (or short) openings of the spiracle valves between periods of constriction. 
This is the start of fluttering (F). 0 2 is taken up decreasing the total intratracheal pressure (at 
maximum when valves are closed); the partial pressure difference of 0 2 with respect to 
atmosphere remeains constant during F. (The partial pressure gradient seems to support 
diffusive influx of O2). 
When a valve is open for a short moment there is thus convective flow of air into the 
tracheal system. A constant partial pressure difference of water vapour between the tracheal 
system (saturated) and outside atmosphere (in our experiments near to zero) is maintained. 
Water vapour would thus normally diffuse out through the intermittently opened spiracle 
valves. However, during the short openings water vapour would have diffuse counter to the 
flow of air entering the tracheal system. The retention of water vapour in this way has been 
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Fig. 8.3b: Expanded view of one cycle of 
fig 3a. The onset of fluttering at 9.85h is 
clearly observable for both gases. 
During the succeeding burst period 
water vapour is released at a nearly 
constant rate as compared to the release 
ofC02- Causes are the saturated partial 
vapour pressure ofHiO and the wash out 
ofCOïfrom the hemolymph. 
proposed by Buck8 and a mathematical formalism describing this diffusive-convective retention 
of water vapour is given by Kestler15. 
With the influx of 02 also N2 is introduced into the system. Since there is almost no 
storage capacity for N2 and no consumption, it must be released by diffusion counter to the 
direction of the inward flow during fluttering. A steady gradient for N2 is established fed by a 
convective inflow and balanced by a diffusive outflow. 
The uptake of oxygen seems to be accomplished with at a minimum loss of H20. 
However, in this way the animal also hardly looses its C02 whose concentration slowly rises. 
C02 causes acidification of the hemolymph and it must be released. C02 is mainly removed 
during the burst period. This leads either to a diffusive exchange of gases (O, Hyalophora) or 
to convection along with diffusion by means of active ventilation (V, Periplaneta americana). 
A large part of the C02 present in the hemolymph is thereby washed out and released through 
the tracheal system to the atmosphere. At the end of the burst period the internal concentration 
of C02 is significantly lowered.The partial pressure change of 02 in the tracheal system 
changes from 3.5 kPa to 21 kPa. The partial pressure of N2 also equilibrates with the 
atmospheric value. 
C02 is released at a high partial pressure during the Open or Ventilation period when the 
concomitant water vapour loss is limited by to the H20 saturation pressure. This strategy for 
water retention explains the established complex breathing pattern of insects and is called the 
partial pressure strategy15. 
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Fig. 8.4a: СИ* released by the Pachnoda marginata occurs at the same cycle frequency as 
CO2 revealing its tracheal origin. 
3 Material and methods. 
3.1 Photoacoustic arrangement 
Measurements of CH4 and water vapour were performed employing a photoacoustic cell 
placed intracavity of a liquid nitrogen cooled CO-laser. The treatment of the carrier gas to 
perform the measurements on insects was similar as described in chapter 3 section 3.2. (fig 
3.1). Only the differences are stressed here. 
In these experiments actually the CO-laser setup was employed containing the triple PA 
cell as described in chapter 4. Only one of the three PA cells was used. We did not employ the 
most sensitive cell with the B&K condenser microphone since a flowrate higher than 5 1/h 
caused large noise. This was probably due to a pressure increase in front of the membrane of 
the microphone which was not properly compensated for at the back of the membrane. Above 
10 1/h the employed microphone (Knowless EK3024) showed increase of (flow)noise. With 10 
1/h we could reduce the response time of the system (resonator of 26 ml) to 8 seconds (full 
width half maximum). 
Single animals were placed in a glass cuvette. A small cuvette was especially important 
to get the cockroaches Periplaneta americana11 at rest. Over the animal a dried flow of air 
was led. Drying was achieved by a container of P2O5 in line with the flow. Behind the cuvette 
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Fig 8.4b: Expanded view of one cycle 
of fig 8.4a. The characteristic phases 
of insect breathing are manifested. 
During Β ι all methane present in the 
tracheal system is released. 
Thereafter the constant production 
rate of the animal is observed. 
— Exponential fit to methane and 
СОг releases during the burst. The 
time response X=I5 s for methane 
gives the refreshment time of the 
tracheal system. The time response 
for COì τ= 194 s is determined by the 
wash out from the hemolymph. 
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the flow was split. One half to the PA arrangement to monitor H20 or CH» release and the 
other half entering a commercial СОг infrared gas analyser (URAS 2T, Hartmann and Brown. 
AG Frankfurt/Main). Between the cuvette and the URAS and during the CH4 measurements 
also in front of the PA cell, water vapour was removed by means of P2O5. The total flow over 
the animal was 201/h (10I/h to the ΡΑ-cell and 101/h to the URAS). 
For fast time response the detection limit became approximately 40 ppbv on a strong 
absorption line of methane, P(10)32, in dry air. For a total flow of 20 1/h over the animal this 
corresponded to a production rate of 35 nmol/h. Although during the measurements water was 
removed by P2O5 we utilized water traces on Gromphadorhina portentosa for signal 
enhancement. A low quality P2O5 absorber, close to saturation due to the relatively high water 
vapour losses of the animal yielded a constant concentration of water vapour (= 300 ppm) in 
the ΡΑ-cell. The measurements on Gromphadorhina portentosa therefore showed a 
significantly improved detection limit for methane of 4 ppbv corresponding to 3.5 nmol/h. 
For water vapour calibration care had to be taken due to the empirical square root 
dependence of the signal amplitude on the concentration (see fig 3.4). On top of a typical. 150 
ppm concentration due to a (constant) cuticular water vapour release rate from the insect, a 
change of 1 % was still observable corresponding in this case to 1.3 umol/h. The constant 
background signal due to water vapour present in the cell due to outgassing was always 
inferior to the release signals from the insects. With only the water vapour background signal 
of the PA cell the practical detection limit fell between 10 and 100 ppbv. 
Gas release due to breathing was our main interest. For insects another gas release 
channel is the cuticle. For water vapour this gives rise to a large background signal as is 
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Fig. 8.5a: Two cycles ofCfy and CO2 release of a Gromphadorhina portentosa (5.0 g). During 
F convective releases are observed on top of a diffusive tracheal background release. The burst 
is characterized by ventilation. Note the perfect synchronous character between the peaks of 
CO2 and CH4 release during F and B. 
evident in the figures presenting the measurements. In the case of methane and CO2 the 
contribution of the cuticle is much smaller; a proper estimation of these losses is not treated 
here. 
In contrast to the measurements performed in chapter 3 the reference cuvette of the 
URAS (50 χ 0 20 mm) was flushed resulting in a more stable zero offset for C0 2 (300 ppbv 
corresponding to 250 nmol/h at a flow of 201/h over the animal). 
3.2 Gas chromatography measurements 
Occasionally CH4 release was determined by means of a gas Chromatograph. The animal was 
positioned inside a 300 ml gas tight cuvette and incubated over several hours (to reach a 
detectable concentration). After injection of an internal standard, (ethane) a 0.2 ml sample was 
removed and injected into the gas Chromatograph. The ratio between ethane and methane 
yielded the mean production over the incubated period (see chapter 7). 
3.3 Balance measurements 
For water vapour release the weight of the animals prior and after the measurement was 
determined. The loss in weight is mainly due to water loss; averaged over some hours the loss 
in weight due to 0 2 uptake and C0 2 release is small. During metabolism of fatty acids which is 
typical for fasting insects, the respiratory quotient RQ of the tissues yields RQ = 0.7. RQ 
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Fig 8.5b: Expanded view of one cycle of 
fig 8.5a. The different ratio between 
tracheal background release as compared 
to the peak releases between C02 and CH4 
release demonstrates the convective 
character of the micro-openings. 
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describes the ratio between CO2 production and O2 consumption. The higher amount of 0 2 
taken up and the smaller C0 2 released compensate each other for as consequence of the higher 
molecular mass of C02. Note that if proteins or amino acids are metabolized the RQ is around 
0.8 and if carbohydrates are metabolized it is 1. 
3.4 Animals 
Cockroaches were from the cultures of the Dept. Microbiology and kindly supplied by Prof. 
Dr. Horst Bohn, University of München, Germany. The rose chafers were supplied by the 
Lòbbecke Museum/Aquazoo in Düsseldorf, Germany. During the measurement the insects 
were kept in the dark and the temperature was maintained at 23 °C. The humidity of the flow 
directed towards the animals was below 10 ppm. Before inserting them into the cuvette the 
animals were shortly narcotized by C02. The animals did not undergo any other special 
treatment. 
4 Results 
4.1 General 
Schneidermann when studying the breathing pattern of the Silkworm pupae distinguished C, F 
and О periods'. This nomenclature was followed by many authors including Kestler who also 
discovered the period of ventilation (V)'°. We will generally use B. The burst period (B), i.e. 
either V or O, is defined as the period when the highest C0 2 release is observed. The 
constriction period (C) is the period with lowest gas release, just after the burst. The period 
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Fig. 8.5c: СОг and CH4 releases 
averaged over 40 seconds of one cycle, 
from fig 8.5a. In contrast to the CO2 
release pattern, methane release during F 
and during Bi is almost equal. The dotted 
line gives the average release rate during 
the cycle. The integral of the peak release 
of methane above this line fits the surface 
below, at the start ofF. 
Time (h) 
after constriction and before the burst is called fluttering (F). For convenience we will divide 
the burst period into two parts, Bi representing the part when methane is released at a high 
rate and B2 when a constant release of methane is observed. A constant release during F will be 
called tracheal background release. For Gromphadorhina portentosa the release peaks during 
fluttering (see fig 8.7a) are typical for micro-openings as they have also been found in 
Periplaneta americana[S. We will adopt the same name. 
Different measurements (sometimes on the same animals) are distinguished by a number 
e.g. 8,3a. A blow up, a detailed view, the result of an averaging fit are denoted by a letter 8.3b. 
The scales of the time axes are presented in decimal hours, i.e. 30 minutes corresponds to 0.5h. 
The average release rates of methane and H 20 are shown in table 8.2 and 8.3. Table 8.3 
also gives the weight of the animal and the water vapour equivalent of the weight loss during 
the measurement. 
4.2 Pachnoda marginata 
On-line measurements of CH4 or water vapour emission in combination with C0 2 release 
reveal a cyclic pattern of bursts every 0.6 h. (see fig. 8.3a & 8.4a). Water vapour, CH4 and 
CO2 are released synchronously. The cyclic water vapour signal is on top of a large 
background due to a fairly constant release from the animal (140 μπιοΐ/η). Incidentally, an 
increase in water vapour release was observed unaccompanied by a concomitant C0 2 discharge 
(in fig. 8.3a e.g. at 9.7, 12.5 and 13.25 h). Analysis of single cycles (fig 8.3b and 8.4b) allows 
to distinguish the burst period (B, highest C0 2 loss), constriction (C, lowest C0 2 loss) and 
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Fig. 8.6a: Cyclic release pattern о/СШ and CO2 of a cockroach Gromphadorhina portentosa 
(4.6 g) showing F and В periods. During В the animal actively ventilates, while during F on 
top of a constant tracheal background release, only incidental peaks due to convective 
releases are observed 
fluttering (F, elevated CO2 loss). For methane release the burst period is divided into the two 
parts; Bi reflects the high initial release and B2 the constant release thereafter C. 
In fig. 8.3b just after В, H2O shows a decrease during С probably due to sticking of 
water vapour either to the animal or to the gas flow tubing. The cyclic water losses constitute 
about 6% of the total water loss of the animal (see table 8.3). During F corresponding dips of 
H2O and CO2 release are observed at e.g. 9.95 and 9.98 h. Corresponding peaks are observed 
at 10.15 and 10.18 \ Similarly during F in fig 8.4b corresponding peaks for CH4 and CO2 
release are observed at 11.16 and 11.175 \ 
In contrast to the fairly constant release of H20 during the burst (B), C0 2 and, during the 
first part of the burst (B|), methane show a decaying release. The dotted lines in fig 8.4b are 
the results of fitting procedures of these decays. The resulting 1/e slope values revealed time 
constants of τ™, = 0.0041 " (15 s) and xCai = 0.054h (194 s). 
4.3 Gromphadorhina portentosa 
In fig. 8.5a two cycles of a 15 hour lasting measurement are presented. Highest CO2 releases 
are between 9.95 - 10.25 hand between 10.92- 11.18 h revealing the burst periods B. Between 
10.26 and 10.28 h a short but clear period of lowest C0 2 release was observed (C). After С 
and before B, the period between 10.24 - 10.92 h we call fluttering (F). The burst В is divided 
again into a high release (Bi) and an averaged constant release period (B2), for methane a 
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Fig. 8.6b: Expanded view of one cycle from fig. 6a showing CH4 and CO2 releases. After a 
depletion of the tracheal system due to the burst (left inserts) or an incidental release (right 
inserts) CO2 release increases faster towards a steady rate of release than CH4. Note that 
this is in contrast to what could be expected from their diffusion constants. The downshift in 
pumping frequency at 4.21 and 5.36 * results in an increased C02 and CH4 content for a 
single volley. From the decay ofCfyfor each subsequent volley during B¡, the percentage of 
tracheal volume exchanged to the atmosphere is determined at 27 %. 
perfect synchrony between the C02 and CH» emissions has been observed during F and В as 
shown by the inserts. The fluctuating release of C0 2 during the burst (see inserts at the right of 
fig. 8.5a) is typical for a ventilation (V) period. We assign the type of breathing as the CFV 
type. 
The release peaks during F are micro-openings on top of tracheal background release 
(see left insert of fig. 8.5a and fig 8.5b). The micro-openings are observed at intervals of 
approximately 0.01 \ Note that also the shapes are equal. 
During the first high release of the second В (10.915 h) the amount of methane released 
was very large while also CO2 was emitted at an elevated level. Analysis of other cycles 
showed that the burst period between 9.95 - 10.25 h was more typical. 
The results of averaging the gas releases over 40 seconds are shown in figure 8.5c. The 
same release rate for methane is observed during F and B2. The fluttering and burst period 
resemble to some extent the release pattern of the Pachnoda marginata (see fig 8.4b). 
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Fig. 8.6c: Expanded view of one cycle 
from fig 6a. CH4 and CO2 releases are 
averaged over 40 seconds. Below, the 
duration of the interpause between 
subsequent volleys is presented. Average 
CH4 release is unaffected by a downshift 
of pumping frequency (at 5.36 ) while 
CO2 release is somewhat retained due to 
the equilibrium condition between the 
partial pressure in the tracheal system 
and hemolymph. 
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The release of another Gromphadorhina portentosa is presented in fig. 8.6a, displaying a 
series of cycles. The cycles show a highly reproducible breathing pattern typical for an insect at 
rest. Also the cycle period of approx. one hour was typical for a Gromphadorhina portentosa 
with about 5 g weight. 
In fig. 8.6b the methane and C0 2 release pattern of the same individual are presented at 
enlarged timescale. The burst periods are between 4.01 - 4.32 h and 5.16 - 5.48 \ due to 
ventilation (V). Fluttering (F) is found between 4.32h and 5.16h. No indication for constriction 
was found (see left insert of 8.6b). FV breathing is found often in animals with an increased 
metabolic rate. 
Two other special features are found for the Gromphadorhina portentosa (see fig 8.5 
and fig 8.6). The first is the absence of regular micro-openings during F. The number of 
openings is limited to isolated events characteristically followed by a dip in release for CH4 and 
CO2 (in fig 8.6b at 4.7 \ 4.86 ", 4.97h and 5.10"). Two large openings are observed at 5.62 and 
5.70". The right inserts show the dip after the peak release in more detail. In contrast to what 
one would expect from the diffusion constant, CO2 reaches a constant release rate before 
methane does. The same is observed after at the start of F (see left inserts of 8.6b). 
Another special feature is the sudden downshift in ventilation frequency at 4.21 h and 
5.35 h. The frequency decreases from 200 to 120 volleys/h whereafter both gases show an 
increased release for single volleys. Averaging the release rates over 40 seconds during one 
burst period (presented in fig 8.6c) shows that after the downshift (increased interpause) the 
averaged methane release was unchanged while C0 2 release appeared to be somewhat 
impeded. 
Similar as the averaged releases in fig. 8.5c during F and B2, the methane release by this 
roach was the same. For both roaches in fig 8.5c and fig 8.6b during F, the (average) methane 
release directly after the burst increases slowly towards a constant level. From the end of the 
preceding burst to the onset of the following one C0 2 release shows a slowly increasing rate. 
Sensitive photoacoustic on-line recording of H?0. CH4. and CO2 release from insects. 157 
_ в F_ -B F_ 
500 
400 
300 
M H 0fomol/h) 
*-~^Uj*Jj*L 
• 1 I Γ- I I I I 
4 0 - Γ - M c o f o m o l / h ) 
10.0 
Fig. 8.7: H2O and CO2 release of the same cockroach Gromphadorhina portentosa described 
in fig 6. On top of a constant cuticular release rate of 310 μτηοΐ/h cyclic water vapour and 
CO2 releases due to ventilation are observed. 
Water vapour measurements on the insect treated in fig 8.6 are presented in figs. 8.7 and 8.8 
together with CO2 release. The periods of F and В (or V) are easily discerned and again no 
constriction period is present. Both figures show a decreasing water vapour release during F 
probably due to sticking. During F (except at 9.4h in fig 8.7 and 1.43 h in fig 8.8) the peaks of 
water release were often not accompanied by CO2 release peaks. The results of fig 8.8 were 
obtained after an attempt to seal the anus and the mouth of the animal with wax. Taking a look 
at the animal after the measurement revealed that we failed. Therefore we think that fig 8.8 
does not represent a "normal" breathing pattern. However fig 8.8 shows an interesting feature 
which will be considered below. At a downshift of frequency at 2.2h CO2 shows the previously 
observed increased release for each single volley (see fig 8.6b). In contrast, for water vapour 
the content of single volleys stays the same. 
4.4 Periplaneta americana 
In fig 8.9a several breathing cycles are shown of a cockroach Periplaneta americana which 
was freshly taken from a lab culture with food and water ad libitum. The measurement was 
started half an hour after the animal was put into the cuvette; it was still restless as can be seen 
in the frequent irregularities and deviations from the breathing-pattem-at-rest. The release 
pattern of water vapour and CO2 show both irregular releases and cyclic breathing. Especially 
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Fig. 8.8: During the burst period of the same cockroach Gromphadorhina portentosa as 
described in fig 6 and 7 a downshift of pumping frequency is observed at 2.20 h. CO 2 content 
for single volleys is increased. Due to the saturated tracheal partial pressure for water 
vapour the amount of water released by single volleys hardly show any change. 
at 1.2 inbetween two breathing cycles the water vapour loss was high as compared to the CO2 
release. 
Fig. 8.9b gives an enlarged view of a more or less regular cycle of fig. 8.9a. The phases 
of С (2.75-2.85"), F (2.85-2.95h) and В (2.95- 3.08) are distinguishable. During B, on top of 
an almost constant water vapour release peaks are observed due to ventilation. Some peaks are 
just fully resolved. CO2 shows a gradually decaying rate of release. During В Periplaneta 
americana was found actively ventilating10 so that this is a CFV type of breathing. The 
pumping frequency during the burst was 205 h"1. 
The same individual was measured three days later with only a piece of apple inbetween 
(see fig. 8.10). Both water vapour and CO2 release are decaying during B. The onset of 
fluttering is marked by a slightly increased release of both gases. Corresponding single releases 
are observed for both gases just before the burst. 
The methane release from the same individual is presented in figure 8.11. A burst of 
methane is observed during Bj. During B2 correspondence can be observed between the CO2 
and CH4 releases. In contrast to Gromphadorhina portentosa the frequency of ventilation 
during the burst was constant (250 h"1). During F synchronous gas release due to micro-
openings is observed for both gases. 
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Fig. 8.9a: Water vapour and CO¡ release from a hydrated cockroach Periplaneta americana. 
Irregular release patterns due to autoventilation are observed concomitantly for CO2 and 
H2O releases. 
4.5 Flies, sow-bug and centipede 
The release from a meatfly Lucilia spec, shows H20 release accompanied and unaccompanied 
by CO2 losses (see fig 8.12). Some "higher plateaus" of concommittant release of both gases 
were found, e.g. 2.8-3. l \ 3.4-3.65h and 4.75-5.5". Indications for periodic release of water 
vapour were found between 5h and 6h at a frequency of approximately 8 h' . This was however 
unaccompanied by periodic C02 release. 
Another type of fly Calliphorid spec, showed periodic C02 release as is shown in fig 
8.13. The frequency was approximately 18 h'. Unfortunately, no sensitive record was made of 
concomitant H20 release pattern due to high release peaks of water vapour with periods of 
approximately lh; the electronics automatically set scaling to the largest water vapour releases 
thereby suppressing smaller peaks. These were high probably due to release of feces. Note the 
concomitant release of C02 for most of these peaks. After the last peak no more periodic 
signals were observed. 
Another arthropod, the sow-bug Oniscus asellus L. (Crustacean: Isopoda) released 
periodically water vapour (see fig 8.14) at a frequency of about 18 h"1. Note that although C02 
was simultaneously recorded no concomitant periodical release of C02 was found. During the 
5 hours prior to the results shown no periodic release pattern was observed while after 7.0h the 
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Fig. 8.9b: Expanded view of one cycle 
from fig. 8.9a showing CO2 and H20 
releases from a cockroach Periplaneta 
americana. Water vapour release is 
almost constant while CO2 release is 
decaying due to wash out from the 
hemolymph. The animal uses convection 
as well as diffusion for gas exchange 
during the burst. 
Fig. 10: One cycle from a dehydrated 
cockroach Periplaneta americana (the 
same as fig 9) showing water vapour and 
CO2 releases. 
animal was taken out the cuvette. At touching, the animal showed some movement; however 
supplying it with water did not result in recovery of the animal: it died. 
For the centipede Lithobius forficatus concomitant periodical H2O and CO2 releases 
were observed as presented in fig 8.15. Irregular releases were observed until 2 hours after the 
start of the measurement. Hereafter the release pattern of the animal became periodic (see 
inserts) with a decaying intensity for C 0 2 . When the C 0 2 release arrived at a low rate the 
periodic releases abruptly stopped, at 2.5 b. A peak of H 2 0 was observed (2.55h) 
unaccompanied by CO2. Hereafter H 2 0 release was constantly decaying to a low rate and the 
CQ2 release was close to zero. 
4.6 Correlation between breathing frequency and mass 
Individual insects ranging in mass by more than two orders of magnitude {Periplaneta 
americana) were controlled on their breathing frequency. Also insects of different species were 
included in this comparison. The PA detector is able to measure water vapour release down to 
very low concentrations. As an example in figure 8.16 the water vapour release pattern of a 
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Fig. 8.11: One cycle of the 
breathing pattern of the cockroach 
Periplaneta americana showing 
CH4 and CO2 releases. 
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cockroach Periplaneta americana of only 5.8 mg weight is shown. Although the difference 
between F and С is hard to distinguish В is easily recognized. The animal shows a periodic 
release pattern at a frequency of 12 h'1. Of 21 Periplaneta americana controlled after several 
hours only 14 showed the typical breathing patterns of an insect at rest. (At the time of the 
experiments no special attention was paid to keep the roaches in a subjectively closed space21). 
The resulting cycle frequencies were included in fig 8.17. 
5 Discussion 
5.1 Tracheal water vapour, methane and C02 
Insects can exchange gas with the atmosphere through different pathways. Cuticular (skin) 
releases can be responsible for 25 % of the total loss of C0 2 and the major part of water 
vapour loss. By movement and other activity the animal may loose additional water vapour; 
this extra water vapour release may be unaccompanied by C0 2 release. Activity could however 
also open the spiracular valves. This results in autoventilation. In general this gives non cyclic 
breathing patterns. However for many insects at rest breathing occurs in cyclic patterns. CO2 
and water vapour are released concomitantly. When the intestine of the animal contain 
methanogenic bacteria, methane is released synchronously as well. 
Water vapour level is constant and saturated: A high water vapour release signal is 
observed immediately after the insects are put in the cuvette. The breathing patterns are on top 
of this large background signal which is due to cuticular release (see fig. 8.3, 8.7, 8.8, 8.9 and 
8.10). Sometimes water vapour release is unaccompanied by CO2 release (figure 8.3b at 9.7 h 
and fig 8.7 between 8.2 and 8.5 h). This may be due to movement without opening of the 
162_ Chapter 8 
150-
• 
100-
"viH j 0^n 
У I 
110 
95І 
Лл 
А Л Д Ч М 
rJ^AjsJ4J-4^J' 
к-' -,' J I A ^ 4 ^ > 
1000-г Μ
Η Ο
(μπιοΙ/η) — М
с о
 (μΐτιοΙ/h) г 40 
20 -г M c o ^ m o l / h ) 
6δ1 
Time (h) 
750-
500 
250-
0 
CO, 
"^ L i. I L 
h 30 
20 
10 
0 1—'—I—'—I—BEI—ι—Ι—'—Γ 
4 5 6 7 8 9 10 
Time (h) 
Left: fig. 12: Water vapour and 
CO2 releases from a Lucilia spec. 
fly-
Up: Fig. 13: Water vapour and 
СОг releases from a Calliphorid 
spec. fly. 
tracheal system towards the atmosphere. This in contrast to the peaks in fig 8.7 at 9.4h and the 
irregular release between 1.1 and 1.25 h in fig 8.9a where the animal exchanges gases with the 
atmosphere by autoventilation. Our interest, however, concerns discontinuous breathing 
patterns of insects at rest. 
Previously it was shown that water vapour contents in the tracheal system of insects was 
close to saturation, by the visual observation of water droplets condensing on a plate with 
slightly lowered temperature (0.2 °C)24. This is confirmed by our measurements. In figure 8.8 a 
sudden downshift of pumping frequency of Gromphadorhina portentosa occurs at 2.2 h. 
Whereas CO2 release for a single volley was increased due to the larger interpause almost no 
change for water vapour release was observed for a single volley, due to the constant tracheal 
partial pressure. 
The water vapour release of the Pachnoda marginata (fig 8.3b) shows an almost 
constant release rate during the burst. Water vapour is present in the tracheal system at a 
constant partial pressure (due to saturation); the released water therefore is a measure for the 
rate of the spiracle valve openings. It is concluded that the valves possess an average constant 
aperture, during B. 
For the Peripbneta americana the water vapour loss of the animal in a hydrated state 
was also constant during the burst (fig 8.9b). In a dehydrated state (fig 8.10) the situation 
became somewhat more complicated since water vapour loss was further reduced during the 
burst. Probably the animal reduced the size or time of nano-openings (these are openings 
inbetween the ventilation volleys)12'15. 
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The averaged water vapour signal in a larger value for all insects than the equivalent 
water loss determined by the reduction of weight (see table 8.3). The factor of 1.5 difference is 
probably caused by calibration problems of our detector for water vapour (see chapter 3) and 
care should be taken to interpret the water vapour loss measurements as absolute. 
Methane enters the tracheal system at a constant rate: From the place of production in the 
hindgut (see chapter 7) one could expect an anal release of methane. To our surprise CH» is 
mainly released through the spiracles, synchronously, with C02. During F incidental releases 
(fig. 8.4b, 8.7b) and releases due to micro-openings (fig 8.5a and 8.11) show a corresponding 
release for C02. Methane release in combination with CO2 are observed with good resolution 
of details during the flutter and ventilation period. 
The pattern of release of methane is different from that of C02. The two gases differ in 
their diffusion constants; methane diffuses at a rate 1.5 times faster than C0 2 (see table 8.1). 
This, however, cannot explain the relative slow rise of methane release in comparison to C0 2, 
at the start of fluttering, and the slow recovery of release after incidental emissions (resp. left 
and right inserts fig 8.6b). 
A priori we know that methane is produced continuously by bacteria in the anaerobic 
intestine of the animal and that it is transported through the hemolymph to the tracheal system 
(see chapter 7). Furthermore, we know that the solubility of methane in the hemolymph is low 
if compared to C0 2 (see table 8.1). For methane the storage capacity of air is much higher as 
that of water, while for C0 2 the storage capacity of air is about the same as for destilled water 
and probably lower than for the hemolymph30. In equilibrium, the amount of C0 2 in the gas 
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Insect 
Pachnodam 
Gromphadorhina ρ 
Penplaneta a 
Figure 
8 4 
87 
8 10 
weight 
(gram) 
1 14 
4 6 
0 90 
water loss 
weighing 
(μιηοΐ/ri) 
100 
260 
110 
water loss 
photoacoustics 
(μπιοΐ/ΐι) 
160 
360 
160 
water ratio 
breathing/ 
cuticular 
5 ± 1 % 
6 ± 2 % 
10 ± 2 % 
Table 8.2: Summary of water vapour release and weight of animals. Column 4 represents the 
water vapour equivalent weight loss during the measurement. 
Insect 
Pachnoda m 
Gromphadorhina ρ 
Gromphadorhina ρ 
Penplaneta a 
Figure 
8 4 
8 5 
8 6 
811 
Average constant 
release rate during F 
(μιηοΐ/h) 
0 096 
0 287 
0 086 
00451 
Average 
release rate B2 
(μτηοΐ/h) 
0 076 
0 300 
0 086 
0 0335 
cycle release 
rate 
(μπιοΐ/h) 
0 068 
0 291 
00865 
0 033 
Gas chrom 
(umol/h) 
. 
0 35 
0 112 
-
Table 8.3 Summary of methane release. Comparison between release during F, Вг and a 
complete cycle. The average release during a gas chromatographic measurement is given as 
well. 
phase and the solved phase is shifted towards the solvent, while for CH4 it is shifted towards 
the gasphase. 
For the investigated animals the average release rate of methane was almost the same 
during F and during the second part of the burst (B2) (see table 8.2). However, the conditions 
under which release took place were very different. Firstly, the patterns of release were 
different (e.g. compare F with B2 of fig 8.5a and of fig. 8.6b). Secondly, C0 2 showed a 
completely different pattern being lower during F as during B2. More importantly, the 
intratracheal partial pressure of methane before Bi must have been higher as thereafter since 
during В1 a larger amount of methane was released. Moreover, the average CH4 release rates 
during F, B2 and over the whole cycle fell for within 30% (for Gromphadorhina portentosa 
even within 3%) (see table 8.2). A good illustration of this is shown in fig 8.5c where the 
release of methane (and CO2) from fig. 8.5a is averaged over 40 seconds. The peak release 
above the dotted line at 10.9h just fits the hole at 10.3 h. 
We may conclude that the inflow of methane towards the tracheal system is constant and 
rather unaffected by the intratracheal partial pressure. Apparently, no equilibrium is reached 
between the partial pressure of CH< in the tracheal system and that in the hemolymph. This 
statement is in agreement with the low buffering capacity for methane of the hemolymph as 
compared to air. 
CO2 enters the tracheal system at a rate dependent on partial pressure and stored 
quantity. Respiration of the tissue and fermentation in the intestine result into CO2 
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Fig. 8.16: Water vapour release 
from a Periplane ta americana (5.8 
mg). The burst period is still 
recognizable by the periodic water 
vapour release. 
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production. The good solubility of C0 2 allows the hemolymph to act as a large buffer. The 
buffer capacity for СОг of the hemolymph is even about doubled since it can be stored also as 
carbonate or bicarbonate. The intratracheal partial pressure follows the partial pressure over 
the hemolymph almost immediately due to the high storage capacity of the latter. In contrast to 
the CU» release the C0 2 release averaged over a complete cycle was not comparable with 
average release during separate parts of the cycle (see e.g. fig 8.5c). During В (when gas 
exchange with the atmosphere is optimal) the decay of CO2 is slower than that of methane and 
faster than the decay of water vapour release for all the animals observed; it reflects the wash 
out of stored CO2 from the hemolymph. During F (when gas exchange with the atmosphere is 
much reduced) the release of CO2 is impeded. Fast wash out of CO2 stored in the hemolymph 
results in an equilibrium between the intratracheal partial pressure and the partial pressure of 
the hemolymph. CO2 release from the hemolymph towards the tracheal system is low due to 
this equilibrium. The gradual rise of CO2 release is due to rise of stored CO2 in the hemolymph. 
5.2 Release patterns 
Slow CH4 and fast C0 2 rise after ventilation of the tracheal system. Directly after the burst 
period the intratracheal partial pressure is low for methane and CO2 both being released to the 
atmosphere. C0 2 release increases faster towards a steady state release (see inserts on the left 
of fig 8.6b) in contrast to what could be expected based on the slow diffusion constant. The 
difference can be explained stems from the different buffer capacities of the hemolymph for 
both gases. The slow increase of methane release at the start of F (see also fig 8.5c) is due to 
the constant rate of intratracheal refilling (i.e. an increasing internal partial pressure for 
methane) until an equilibrium is reached between release towards the tracheal system and 
release from the trachea towards the atmosphere. In contrast C0 2 shows a fast increase 
towards a level of release in a way that the intratracheal partial pressure comes quickly into 
equilibrium with the partial pressure in the hemolymph. 
The same mechanism can explain the different rates of increased emission after the 
incidental releases of fig 8.6b (right inserts). Apparently, a substantial amount of gas was 
released to the atmosphere since both gases show a dip after the peaks. After such events 
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animals often close the spiracles3', however, since gases are still released we must conclude 
that the tracheal system was (partially) open to the atmosphere. CO2 release increases faster as 
CH4 release. In the case of methane the tracheal system is refilled at a constant rate unaffected 
by the released quantity. On the other hand the released CO2 is almost instantaneously replaced 
by immediate equilibration with the hemolymph. 
Release rates at a change of frequency. A sudden downshift in pumping frequency during B2 
was observed at 4.21 h and 5.35 h in fig. 8.6b. For the latter the frequency decreased from 200 
to 120 h' . The amount of CUt and CO2 released during a single volley was increased after the 
shift. During the larger interpauses between the pumping strokes more methane and CO2 can 
accumulate between 5.35 and 5.47 \ The increase of trace gas content of the volleys after the 
downshift is larger for methane than for C0 2 (note that this effect is better observable in fig 
8.6a). However, averaging the releases over 40 seconds as is performed in fig 8.6c shows that 
average CO2 release is reduced while barely an effect is observed for the averaged methane 
release. Apparently, in contrast to methane which flows in unaffected by the partial pressure, 
CO2 release is impeded when the interpause between successive volleys increases. For C0 2 a 
situation close to equilibrium between the partial pressures in tracheal system and hemolymph 
is reached even within the intervals between single volleys (=30 seconds); therefore, a reduced 
number of volleys yields a reduced total emission. 
Refreshment time and volume of tracheal system. At the start of the burst (B,) methane 
present in the tracheal system is released; refilling of the tracheal system takes place at a 
constant rate. From the decay of methane release the tracheal recovery time can be determined. 
The slope during Bi for the Pachnoda marginata allowed an exponential fit (see fig 8.4b). For 
methane a 1/e time response of τ = 0.0041 h was found (15 seconds) while for C0 2 the fit 
resulted in τ = 0.054 h (194 seconds). This indicates that during В (11.175-11.25 h) the 
tracheal system for gases with a diffusion coefficient comparable to that of methane (i.e. water 
vapour) is exchanged 18 times. 
Comparison of the amount of water vapour released during the PA measurement and the 
loss of weight resulted in an overestimation of the ΡΑ-signal (see table 8.3). We can therefore 
deduce an upper limit for the internal tracheal volume. The amount of water vapour released 
by the burst was 0.2 μπιοί (see fig 8.3b). Since water vapour was released at the saturation 
pressure (2.6 %) and the internal tracheal volume of the Pachnoda marginata is emptied 18 
times the upper limit of the tracheal volume amounts to 0.2 ml. 
The ventilation period of Gromphadorhina portentosa allows a similar analysis. During 
the measurement presented in fig 8.6b the insect ventilates with a high periodicity as is shown 
in the lower part of fig 8.6c. During B b each pumping volley results in a decreasing amount of 
methane released towards the atmosphere. During B2 (before the change of pumping 
frequency) the amount released for single volleys is constant revealing the rate at which 
methane is refilling the tracheal system. To obtain the relative tracheal volume exchanged with 
the atmosphere, the constant inflow (given by the volleys of B2) is subtracted from the volleys 
during Bi. Each subsequent pumping volley was found to exchange 27 % of the tracheal 
volume with the atmosphere. From the amount of water vapour released by a single volley (0.4 
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цтоі at 2.6 % relative humidity, fig. 8.7) of the same animal a tentative upper limit of the 
intratracheal volume is estimated at 1.4 ml. 
convection vs diffusion. The peaks in the F period of Gromphadorhina portentosa are 
synchronous for C0 2 and CH4 (see fig 8.5a). They may be due to small pumping strokes 
resulting in convective gas release or due to merely opening of the valves without further body 
movement. From our measurements we can determine whether convective or diffusive gas 
exchange takes place. In fig 8.5b part of the fluttering period is enlarged. Scaling is such that 
the baseline release rates are put on top of each other. In comparison with the background 
release rate, gas released by the peaks is larger for CO2 as methane. The baseline of gas release 
is either due to pure diffusion or due to anti-current diffusive convection (AD)15. We assume 
for the moment that the baseline is determined by diffusion (AD will be discussed below). The 
release rate depends on the pathway, the diffusion coefficient (DCH and Dco ) and the partial 
pressure inside the tracheal system (PCHt and Pc„ ). Note that the partial pressure in the 
atmosphere is zero. The pathway of release through the spiracle valves is the same for both 
gases (reflected by the constant Cbacù- Therefore 
M
 CH? = Сваек DCHt рснА ( ! ) 
M™ = CBackDcoPCOi (2) 
with the M *j£* and M*£ background release levels of CH4 and C02. 
Assuming the peaks in fig 8.5b are due to convection the integrated contents is equal to 
the exchanged volume time the partial pressure inside the volume i.e. 
M^=VPCH> (3) 
М?о?= Р
СОг
 (4) 
with M'™' and Mçgk the integrated amounts in the peak. When a peak release is preceded by 
a constant tracheal background release the partial pressure inside the tracheal system equals the 
partial pressure in the expelled volume. Combining equations (l)-(4) the unknowns V, Сваек, 
and PCHt Pc„ aie canceled and they reduce to 
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In the case of pure convective peaks and pure diffusive background this would result in a ratio 
of 1.5. 
Five peaks of the fluttering period from fig 8.5a were selected. All had a constant 
background release just in front of the peak. The ratios were determined at 1.56 ±0.09. 
confirming the convective nature of the peaks. 
In the case of AD as the gas exchange mechanism during the background release, a bulk 
inflow of air takes place by which the animal is supplied of oxygen. The intratracheal gases are 
retained since they have to counter the flow. Gases with a high diffusion constant are better 
able to counter this inflow by diffusion as the heavy and therefore slow molecules. The ratio of 
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equation (5) would therefore present an underestimation of the actual ratio. Our conclusion 
that the peaks are due to convection therefore still holds independent of whether pure diffusion 
or AD takes place. 
Two peaks out of the spectrum of Pachnoda marginata were also evaluated (at 11.16 
and 11.175 h fig 8.4b). The ratios of these peaks found was 1.4 and 1.7 . This confirms the 
observation that at the start of the burst the animal ventilates.32 
Towards a model. C02, H20 and CHt differ in the way they are exhaled by the animals 
through the tracheal system. We have deduced conclusions on how the gases enter into the 
tracheal system. To clarify this further one can consider the gas sources as voltage or current 
sources. "Current" corresponds with flux and "voltage" with partial pressure. CR» appears to 
be transported towards the tracheal system at a constant rate barely affected by the 
intratracheal partial pressure (constant current source representing the intestine). H20 on the 
contrary seems to have an unlimited source but is limited by the intratracheal pressure, in casu 
the saturation pressure (constant voltage source). C02 release towards the tracheal system is 
limited by its partial pressure (during F) and the decreased release during V due to depletion of 
the hemolymph; constant current source, representing a.o. metabolic processes with parallel a 
capacitor representing hemolymph. Note that to construct a model of the tracheal system the 
differential equations for diffusion are different from those which govern electromagnetism. An 
electric transmission line model as presented in chapter 2 can not be applied. 
Mechanism of water retention. An interesting hypothesis emerges. Due to the sudden change 
in frequency the average C02 release of Gromphadorhina portentosa is somewhat lower (5.35 
h
, in fig 8.6c). This indicates that the intratracheal pressure is close to equilibrium with the 
hemolymph. If the animal would decrease its frequency further, the rate of C02 release would 
decay at the same rate (each volley would contain a maximum partial pressure of C02). If the 
animal would increase its pumping frequency the overall C02 release would stay the same since 
the amount of C02 released reaches its maximum rate due to depletion of hemolymph 
surrounding the tracheal tubes. The C02 content of each volley would decrease inversely with 
the interpause between the volleys. Water vapour losses however would increase linearly with 
the frequency. The animal seems to have found an optimal strategy for maximizing the CO2 
release at minimum water vapour loss by decreasing the pumping frequency during V. 
Small arthropods: Breathing and other water vapour releases are distinguishable in the 
release pattern of the fly Lucilia spec.(see fig 8.12). The animal probably employs 
autoventilation to supply its oxygen needs and to release CO2. No visual observation was 
performed but the plateaus of C02 and water vapour release suggest a higher metabolic rate 
probably due to ongoing increased activity. 
The fly Calliphorid spec, showed periodic C02 release which is probably due to 
breathing. After a long period of irregular release, autoventilation, periodic water vapour 
release in combination with C02 both for the sow bug as for the centipede occurred. More 
important they occurred just before the signal decayed to a steady state indicating the animals' 
dead. Therefore during the periodic releases the animal could have been moribond. Moribond 
insects (giving tremors but already dead) could give these signals. On the other hand it could 
also well be the last strategy of the insect to retain water vapour by changing to cyclic 
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breathing. This idea is supported by the large emission of H2O and CO2 just before the steady 
signal starts in fig. 8.13 and 8.15. Visual observations of the animals are necessary. Moribond 
insects could be recognized by their unability to turn their body around from a back-down 
position. 
5.3 Correlation between breathing frequency and mass. 
One finds a complex breathing pattern for insects as compared to mammals. The question can 
be raised whether this leads also to a completely different dependence of breathing cycle 
frequency. 
The rate of oxygen uptake scales linearly with the total volume exchange rate Д and the 
pumping frequency ƒ 
Mo2 =Д · ƒ Аса (6) 
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Fig 8.18: Schematic representation of 
gas release from insects. CH4 and 
water vapour releases monitored by 
photoacoustic spectroscopy and CO2 
by an infrared gas analyzer. 
For mammals Moi approximately scales with the mass to a power of 0.75 and the tidal 
volume AV scales linearly with the mass. The pumping frequency scales therefore with a power 
of -.25 to the body mass14 
It has been stated however that, based upon limited evidence, for some insects, the 
frequency of breathing is independent of the body mass22. In the case of insects 
fc-(Vb + Vf)ccVo3 (7) 
holds where Vb is the tidal exchange volume during a burst and Vf the tidal volume exchange 
during fluttering. Note that a high storage capacity for the gases results in a lower breathing 
frequency. Since for some insects evidence was found that Vb, Vf and Vo2 all scale linearly 
with the mass, the cycle frequency £ was expected to be independent of the mass. The authors 
state that equivalently to 0 2 uptake the formula holds for C02 release. 
Cycle frequencies are presented in fig 8.17. Note that the cycle frequency of a single 
cockroach might vary in time (see for example fig 8.9 and 8.10 showing the same animal in 
dehydrated (3 h') and hydrated state (2 h"1)). With this in mind the relation between body mass 
and breathing frequency of fig. 8.17 should be considered. 
The frequency dependence follows m"025, as for mammals and birds (compare the 
straight line in fig 8.17 with experimental data obtained for Periplaneta americana). 
Deviations in fig 8.17 may be due to deviations from this correlation. 
6 Summary 
The PA intracavity CO-laser setup was extensively applied in the field of insect breathing. 
Calibration for methane release was satisfactory. Calibration for water vapour release showed 
some problems. The sensitivity and speed of the PA detector, in combination with an infrared 
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C0 2 gas analyser, enabled us to reveal the complex breathing pattern of some insects into great 
detail. 
For the insects investigated we observed that (i) CH4 refills the tracheal system at a 
constant rate, (ii) the intra tracheal partial pressure of water vapour is saturated and (iii) the 
partial pressures of CO2 for the tracheal system and hemolymph are during a complete 
breathing cycle close to equilibrium. 
Determination of methane release during the burst period of insect breathing revealed the 
refreshment time of the tracheal system of the Pachnoda marginata and Gromphadorhina 
portentosa. Monitoring CH4 and water vapour release allowed to estimate the internal tracheal 
volume. 
Fig 8.2 presented by Schneiderman has found widespread acceptance in text-books. 
From our measurements it can be supplied with new traces. In fig 8.18 CH4 and H 2 0 releases 
are presented monitored for the first time by photoacoustic spectroscopy together with the 
CO2 release pattern from the URAS measurements. 
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Summary 
This thesis in physics deals with the physical methods of photoacoustic trace gas detection 
applied to fundamental biological subjects. New and improved experimental arrangements are 
presented which allow fast, multi-component and sensitive detection. 
In chapter 1 the relevance of trace gas detection is discussed in conjunction with the 
possibilities of laser-based photoacoustics as a method to achieve this. 
The development of a fast photoacoustic cell aimed at measuring low concentrations 
(ppt) is treated in chapter 2. The cell is mounted inside the cavity of a CO2 waveguide laser to 
monitor on-line the ethylene release of cherry tomatoes. A change from anoxic to aerobic 
conditions induced a change of ethylene emission within a few seconds. 
Another new development is presented in chapter 3, where a cell is positioned inside the 
cavity of a liquid nitrogen cooled CO-laser. This allows us to monitor methane (CH4) and 
water vapour release from insects due to breathing. An infrared gas analyzer is employed to 
follow concomitant C02 release. 
In chapter 4 attention is focused on the development of a multi-component gas detection 
system. Three photoacoustic cells are positioned inside the cavity of a liquid nitrogen cooled 
CO-laser. Selectivity for trace gas detection was augmented by a three level cooling trap. 
Detection limits for some 20 biologically interesting gases are presented. We have applied the 
arrangement to monitor simultaneously ethanol, acetaldehyde, ethylene and CO2 released by 
cherry tomatoes. When fruit is stored under suboxic conditions these gases are indicative for 
the condition of the fruit. A 10 fold increase of acetaldehyde release was observed at the onset 
of the post-anoxic period. This area of research is barely explored yet and therefore we have 
only been able to demonstrate the tip of an iceberg. 
Chapter 5 presents also such a tip, however, in physics. A new combination of two 
techniques is presented; photoacoustics and thermoacoustics. The latter is used to actively 
amplify the sound, generated by trace gas absorption of laser radiation. In future we expect to 
lower detection limits employing this combination. 
How we obtained methane concentrations in rice field mud is described in chapter 6. A 
specially developed probe was employed in combination with our photoacoustic CO-laser 
detector. By entering the probe slowly in the mud and extracting methane the astonishingly 
structured world of mud was explored. 
Cockroaches and some other insects contribute up to 25% of the global methane 
emission. Measurements employing gas chromatography, presented in chapter 7, revealed that 
even in the intestines of cockroaches of only a few mg anaerobic conditions prevail. These 
conditions are required for the production of methane. Cockroaches produce (per kg) an equal 
amount of methane as do cows. Several cockroach species have been monitored by our 
detector revealing the different breathing patterns at which methane was released. 
In chapter 8 a detailed discussion is presented on breathing patterns of insects. Methane is 
released into the tracheal system at a constant rate, in contrast to C02 and water vapour. The 
breathing frequency of the species Periplaneta americana showed the same inverse correlation 
to the mass as that of mammals and birds. 
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Samenvatting 
Fotoakoestiek staat voor de omzetting van licht (foto) naar geluid (akoestiek). Dit fysisch 
verschijnsel is gebruikt om meer inzicht te krijgen in processen die een rol spelen bij de 
ademhaling van insekten, de gasafgifte van tomaten en concentratie-profielen van methaan 
opgelost in modder. In dit proefschrift is fotoakoestiek voor het eerst succesvol toegepast in 
combinatie met een vloeibare stikstof gekoelde CO-laser. Door vernieuwingen en 
verbeteringen zijn snelle metingen op een tijdschaal van secondes en multi-component 
metingen van gassen op ppbv niveau (1:109) mogelijk gebleken. 
Voor uitleg van het meetprincipe kan een vergelijking worden getrokken met ervaringen 
uit het dagelijkse leven. Zo ondervindt een ieder de warmte van zonnestralen wanneer deze op 
een zwart T-shirt vallen; de straling wordt namelijk geabsorbeerd. Zoals bij de uitzetting van 
een kwikkolom in een thermometer, zorgt bijna iedere opwarming voor uitzetting. Stel dat we 
de lichtstralen laten knipperen, dan zal de opwarming steeds weer gevolgd worden door 
afkoeling. Het aan staan van de lichtbron zorgt voor uitzetting en het uit zijn voor inkrimping. 
Zo'n periodieke uitzetting en inkrimping brengt de lucht in de buurt van het voorwerp waar de 
lichtstraal op valt in beweging. Dit trillen van lucht is niets anders dan geluid. Indien het 
knipperen 1000 keer per seconde gebeurt en de lichtstraal voldoende sterk is dan kunnen we 
dit geluid zelfs horen. Vandaar de naam foto-akoestiek. Het effect is ruim honderd jaar geleden 
reeds gevonden. 
Het licht ("kleuren") wat door gassen wordt geabsorbeerd bevindt zich in ons geval in 
het infrarode gebied. Dit gebied kan worden beschouwd als een voortzetting van het zichtbare 
licht naar een voor onze ogen niet meer waarneembare straling. Voor gassen geldt dat ze in dit 
gebied een zeer specifieke absorptie kleur hebben. Net zoals er zwarte, rode en gele T-shirts 
zijn zo heeft ieder gas zijn eigen kleur waar het licht geabsorbeerd wordt. Door de uitvinding 
van lasers is het mogelijk geworden zeer zuivere kleuren te maken. Wanneer op een gas de 
juiste kleur wordt geschenen zal de straling worden geabsorbeerd. Het laten knipperen van de 
laserbundel, door er een wieltje met gaten voor te laten draaien, geeft vervolgens direct 
uitzetting en inkrimping van het gas, en dus geluid (zie fig. 1.3). Hoe meer van het gas 
aanwezig is, hoe meer straling wordt geabsorbeerd en dus hoe harder het geluid zal zijn. 
In het infrarood zijn gassen over het algemeen niet zo transparant als in het zichtbare 
gebied. Sommige gassen absorberen het laserlicht erg goed en geven daardoor reeds bij lage 
concentraties sterke geluidssignalen. Zo absorbeert het gas ethyleen op een bepaalde kleur in 
het infrarood de straling zo goed dat 66% van de straling reeds na een fractie van een 
millimeter wordt geabsorbeerd. Overigens is sterke absorptie van infrarode straling door lage 
concentraties (sporen) van gassen ook de oorzaak van het broeikaseffect. Zichtbare straling 
wordt door de sporen gassen in de atmosfeer doorgelaten terwijl de door de aarde 
teruggestraalde infraroodstraling goed wordt geabsorbeerd door diezelfde gassen. 
Lasers zijn er in vele soorten en maten. De lasers die hier zijn behandeld zenden straling 
uit in het infrarode gebied. Vooral het gebruik van de met vloeibare stikstof 
(-196 °C) gekoelde CO-laser in combinatie met fotoakoestiek is uniek. Het voordeel van deze 
laser ligt in het grote gebied aan kleuren waar straling wordt uitgezonden. Juist ook die gassen 
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die verantwoordelijk zijn voor het broeikaseffect kunnen worden aangetoond zoals methaan 
(CH4), lachgas (N20), waterdamp (H20) en kooldioxide (C02). Vele andere gassen kunnen 
ook worden gemeten met fotoakoestiek tot op concentraties van ppbv's. Van sommige gassen 
zoals ethyleen (C2H4), SFe en CS2 kunnen zelfs concentraties van 10 pptv worden aan getoond, 
dat is nog eens een factor 100 gevoeliger. 
In dit proefschrift worden de resultaten beschreven van verschillende studies naar 
processen in de biologie die met behulp van fotoakoestiek zijn uitgevoerd. Daarnaast is een 
ruime plaats gereserveerd voor de nieuw opgezette meetopstellingen en de verbeteringen die 
we hebben kunnen realiseren. De biologische metingen konden daardoor met hoge snelheid, 
gevoeligheid en selectiviteit worden uitgevoerd. 
In hoofdstuk 1 wordt het belang van sporengasdetectie uiteengezet en de mogelijkheden 
van fotoakoestiek, als methode om dit te bereiken, worden verhelderd. Tot de interessante 
mogelijkheden behoren studies van uiteenlopende biologische onderwerpen. 
De ontwikkeling van een snelle en gevoelige fotoakoestische cel, gericht op het meten 
van lage absorpties, wordt uitgebreid beschreven en getoetst in hoofdstuk 2. De cel is geplaatst 
binnen in de trilholte van een C02 laser om ethyleen afgifte van cherry tomaten te kunnen 
meten. Deze bleken verbazingwekkend snel te reageren op een verandering van anaerobe (geen 
zuurstof) naar aerobe (met zuurstof) omgeving. 
Verdere verbeteringen van de fotoakoestische cel en de combinatie met een vloeibare 
stikstof gekoelde CO-laser zijn behandeld in hoofdstuk 3. Deze kracht van deze combinatie 
bleek uit de nauwkeurige bepaling van de ademhaling van insekten, door zowel waterdamp als 
methaanafgifte te meten. Het plaatje werd compleet gemaakt door ook C02 parallel mee te 
meten met behulp van een infrarood gas analysator. 
In hoofdstuk 4 is de aandacht gericht op de ontwikkeling van een multi-component 
gasmeetsysteem. Drie fotoakoestische cellen zijn daartoe achter elkaar in de trilholte van de 
laser geplaatst. Door de ontwikkeling van een drie-traps koelval konden vijf gassen simultaan 
worden gemeten. Dit stelde ons in staat om gassen te meten die een belangrijke rol spelen bij 
de opslag van fruit; ethanol, acetaldehyde, C02 en C2H4. De opslag van appels vindt plaats bij 
zeer lage zuurstof concentraties. Wanneer de appels weer aan de lucht worden blootgesteld 
vindt beschadiging plaats. Verrassende resultaten zijn verkregen met onze metingen aan 
tomaten en aangezien het een veelbelovend biologisch onderzoeksterrein betreft wat nog 
onontgonnen is hebben we slechts het topje van een ijsberg kunnen demonstreren. 
Hoofdstuk 5 betreft eigenlijk ook het topje van een ijsberg. Een volledig nieuwe 
combinatie van twee technieken wordt gepresenteerd; fotoakoestiek met thermoakoestiek. 
Thermoakoestiek wordt gebruikt als een methode om geluid, ontstaan door gasabsorptie, 
actief te versterken. In de toekomst zijn met behulp van deze techniek mogelijk nog lagere 
gasconcentraties meetbaar. 
In hoofdstuk 6 is beschreven hoe, gebruik makend van een speciale probe, de methaan 
concentratie in de modder van een rijstveld is bepaald. Door de probe langzaam door de 
modder te laten zakken en steeds wat gas via de probe naar de detector te laten stromen kwam 
de verbazingwekkend gestructureerde wereld van modder boven water. 
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Kakkerlakken en andere insekten blijken tot 25% van de mondiale methaan produktie voor hun 
rekening te nemen. Gas chromatografische metingen tonen in hoofdstuk 7 aan dat zelfs kleine 
exemplaren van enkele mg een anaëroob darmgestel hebben en bijdragen aan de verwarming 
van de aarde, per kilo zelfs ongeveer even veel als koeien. Van uiteenlopende soorten 
kakkerlakken is met behulp van de CO-laser detector het methaan afgifte patroon bepaald. 
Methaan blijkt samen met de ademhaling vrij te komen. 
In hoofdstuk 8 wordt dieper op de ademhaling van insekten ingegaan door enkele 
metingen uitgebreid te analyseren. Het lijkt erop dat door ritme-wisselingen en het meer of 
minder open houden van het kleppensysteem de dieren in staat zijn om hun waterhuishouding 
optimaal te reguleren. Juist voor insekten is dit belangrijk omdat ze zo klein zijn en daardoor 
een grote oppervlakte vs volume ratio hebben. Overigens bleek dat het ademhalingsritme 
dezelfde gewichtsafhankelijkheid vertoont als dat van zoogdieren. 
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Na te zijn geboren op 10 januari 1965 te Waalre en aldaar het basisonderwijs te hebben 
gevolgd heb ik op het Hertog Jan College te Valkenswaard mijn VWO diploma behaald. 
Aansluitend, in 1983, ben ik in Nijmegen natuurkunde gaan studeren op de Katholieke 
Universiteit. Na het propaedeutisch examen (1984) heb ik in augustus 1988 het doctoraal 
experimentele natuurkunde afgelegd. Het afstudeerwerk is uitgevoerd op de vakgroep 
Molecuul- en Laserfysica (MLF), onder leiding van Prof. Dr. J. Reuss en Dr. F.J.M. Harren. 
Aansluitend heb ik binnen de vakgroep onderzoek verricht naar de mogelijkheden van 
sporengasdetectie met behulp van PARS (Photo Acoustic Raman Spectroscopy). Ik ben voor 
een periode van 6 maanden naar Rome verhuisd om daar een diagnostisch laser meetsysteem 
(CARS, Coherent Anti-Stokes Raman Spectroscopy) op te zetten met behulp van Nd: YAG en 
dye lasers. Samen met Dr. R. Fantoni van het instituut ENEA te Frascati heb ik hiermee de 
kortlevende reactie producten bestudeerd in een keramische materialen producerende vlam. Na 
terugkomst in Nederland heb ik op de vakgroep MLF een gepulste C02-laser opgebouwd. 
Vervolgens ben ik in een jaar de wereld rondgereisd. Tijdens deze periode heb ik tijdens 
mijn bezoek aan Yogyakarta, Indonesië, Dr. B. Zuidberg geholpen met het opzetten van een 
volwaardig fysisch laboratorium op de universiteit aldaar. 
Na terugkomst (september 1990) heb ik bij de KEMA NV te Anhem deelgenomen aan 
de opbouw van een ammoniak meetopstelling gebaseerd op laserfotoakoestiek. De opstelling 
werd samen met andere meetmethodes vergeleken in een meetcampagne georganiseerd door 
het RIVM te Bilthoven. 
In februari 1991 ben ik begonnen met mijn promotieonderzoek onder leiding van Prof. 
Dr. J. Reuss op de vakgroep MLF. De resultaten kunt U in dit proefschrift terug vinden. 


